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INTRODUCTION

Although anti-estrogen tamoxifen shows activities in preventing development of breast
cancer, there are no effective therapies for malignant estrogen-independent breast cancer, which is
also often resistant to chemotherapy and g-radiation therapy. Lack of such therapies has
contributed to the high mortality for U.S. women. Novel therapies are therefore urgently needed.

Retinoids, natural and synthetic vitamin A derivatives, exert profound effects on many
biological processes, including cell proliferation and differentiation, reproduction, morphogenesis
and pattern formation (1). Epidemiological, in vitro, and animal data have suggested retinoids as
novel agents for the treatment of breast cancer. The effects of retinoids are mainly mediated by two
classes of nuclear receptors, the retinoic acid receptor (RAR) and retinoid X receptor (RXR) (2).
Ligands of RXR are more effective than RAR-selective ligands in the prevention of mammary
carcinogenesis and the inhibition of the growth of established mammary tumors (3, 4). Recently, a
new class of synthetic retinoids related to 6-[3-(1-adamantyl)-4-hydroxyphenyll-2-naphthalene
carboxylic acid (AHPN/CD437) were found to potently induce apoptosis of both hormone-
dependent and -independent breast cancers (5), indicating that it may be representative of a novel
class of compounds suitable for treatment of estrogen-independent breast cancers. We
subsequently showed that TR3, an orphan member of the steroid/thyroid/retinoid receptor
superfamily, is required for induction of apoptosis by AHPN/CD437 and other apoptotic stimuli
(6, 7). Moreover, we discovered that TR3, in response to apoptosis stimuli, translocated from the
nucleus to the cytoplasm, where it targets mitochondria to induce cytochrome c release and
apoptosis (7).

The objective of this application was to develop evidence that TR3 is a suitable molecular
target for developing novel drugs against breast cancer. With the support of USAMRMC, we have
demonstrated that AHPN analogs SR 11453 and MM002 potently induce TR3 expression and
apoptosis in breast cancer cells (8). They effectively induce migration of TR3 from the nucleus to
mitochondria. Importantly, we show that migration of TR3 from the nucleus to the cytoplasm
required RXRa through their unique heterodimerization (9). This finding reveals a new retinoid
signaling pathway for apoptosis induction. Furthermore, we demonstrate that Bcl-2, a potent anti-
apoptotic protein that is overexpressed in more than half of all human cancers, including breast
cancer (10), is required for TR3 mitochondrial targeting and TR3-dpendent apoptosis through its
interaction with TR3. The interaction induces a Bcl-2 conformational change, resulting in
conversion of Bcl-2 from a protector to a killer (11). Together, our results demonstrate that TR3,
RXRa, and Bcl-2 are excellent molecular targets suitable for developing new agents against breast
cancer.

KEY RESEARCH ACCOMPLISHMENTS

1. The TR3-dependent apoptotic pathway in breast cancer (Cancer Res. 61, 4723-
4730, 2001; J. Med. Chem. 47, 3518-3536, 2004).

AHPN analogs induce TR3 expression and mitochondrial membrane
potential change in breast cancer cells. Synthetic retinoids, related to AHPN/CD437
effectively induced apoptosis of both estrogen-dependent and -independent breast cancer cells (5),
suggesting that these retinoids may represent a new class of drugs that have therapeutic value for
the treatment of estrogen-independent breast cancer. Several AHPN analogs were evaluated for
their regulation of TR3 expression. The AHPN analogs SRI 1453 and SRI 1384 were used to treat
MDA-MB-231 breast cancer cells (7). TR3 expression in the cells was analyzed by Northern
blotting. Figure IA shows that upon treatment with SR 11453 and SR 11384, TR3 expression in
MDA-MB-231 cells was significantly induced. Consistent with our previous observation (12),
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TR3 expression was also induced by TPA, and the mitogenic agent epidermal growth factor
(EGF). We also studied mitochondrial membrane potential change in breast cancer cells treated
with or without SRl 1453 using Rh 123. As shown in Figure IB, SRl 1453 induced significant
increases in the percentage of cells experiencing ANm loss. Disruption of AWm was observed in
both estrogen-dependent MCF-7 and independent MDA-MB-231 cells. Thus, induction of
apoptosis by AHPN/CD437 analogs in breast cancer cells involves mitochondrial-mediated
apoptotic pathway.

A B
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Figure 1. AHPN analogs induce TR3 expression and disrupt mitochondrial membrane
potential of breast cancer cells. A. Induction of TR3 expression by AHPN analogs. Total RNAs
were prepared from MDA-MB-231 cells treated with SR 1153 (1 0-6 M), SR 11384 (10-6 M), TPA (100
ng/ml) or EGF (200 ng/ml) for 3 h and analyzed by Northern blotting. B. AHPN analog SR 11453
disrupts AVrm. The indicated cells were treated with or without 10-6 M SRI 1453 for 18 h. Cells were
then incubated with Rh123 for 30 min and analyzed by a FACScalibur cytometery. The percent of
cells fluorescencing within the range of Rh 123 were considered as depolarized.

Mitochondrial localization of TR3 in breast cancer cells. To study whether the
TR3 nuclear-to-mitochondrial targeting pathway occurs in breast cancer cells, GFP-TR3/ADBD (a
mutant that lacks the DNA-binding domain) (7) was transfected into MDA-MB-231 and ZR-75-1
breast cancer cells. Confocal microscopy analysis revealed that it targeted mitochondria (Figure
2A). Mitochondrial targeting of TR3/ADBD resulted in cytochrome c release as cytochrome c was
diffused distributed in cells expressing TR3/ADBD (Figure 2A). We also studied cellular
localization of TR3 expressed in mammary tumors derived from transgenic mice bearing
polyomavirus middle T antigen (kindly provided by Dr. W. Muller). The tissue sample was also
analyzed by the TdT assay for apoptosis. TR3 was localized in the cytoplasm in cells undergoing
extensive apoptosis, while it was found in the nucleus in nonapoptotic cells (Figure 2B).
Furthermore, we transfected a green fluorescent protein (GFP)-TR3 fusion construct into MDA-
MB-231 cells. The GFP-TR3 fusion protein was predominately present in the nucleus in
nonstimulated cells. However, upon treatment with AHPN analogs SRI 1453 and SR 11384,
GFP-TR3 translocated to mitochondria (Figure 2C). Thus, subcellular localization of TR3 plays a
role in regulating apoptosis of breast cancer cells.
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Figure 2. Apoptotic stimuli induce mitochondrial targeting of TR3. A. Mitochondrial
targeting of TR3/DDBD is associated with cytochrome c release. GFP-TR3/ADBD was transiently
transfected into ZR-75-1 or MDA-MB-231 cells, which were stained for mitochondria (Hsp60) and
cytochrome c (Cyt c), and analyzed by confocal microscopy. B. TR3 is targeted to mitochondria
in MDA-MB-231 cells in response to an apoptosis inducer. GFP-TR3-transfected MDA-MB-231
cells were treated with or without SR11453 (10-6 M) or SRl1384 (106 M) for 1 h, then
immunostained with anti-Hsp60 antibody (Sigma), followed by Cy3-conjugated secondary antibody
(Sigma) to detect mitochondria. GFP-TR3 and mitochondria (Hsp60) were visualized using confocal
microscopy, and the two images were overlaid (see Overlay). C. Correlation between TR3
subcellular localization and apoptosis in a mammary tumor. Mammary tumor tissue from transgenic
mice bearing polyomavirus middle T antigen was stained with anti-TR3 antibody followed by Cy3-
conjugated secondary antibody to detect TR3 expression and subcellular localization by confocal
microscopy. The tissue was also analyzed by the fluorescein-conjugated TdT enzyme (Oncogene) to
detect DNA fragmentation (TdT-labeled cells are indicated by green color). The two images were
overlaid (overlay) to assess the correlation between apoptosis and TR3 subcellular localization.

A New AHPN analog 3-CI-AHPC induces mitochondrial localization of
endogenous TR3 in breast cancer cells. AHPN analog 3-CI-AHPC effectively induces
apoptosis in breast cancer cells and retarded breast tumor growth (8, 13). To determine whether
this new AHPN analog functioned through TR3, MDA-MB-231 cells were treated with 3-Cl-
AHPC and cellular localization of endogenous TR3 was analyzed by confocal microscopy. Figure
3 shows that the endogenous TR3 was found exclusively in the cytoplasm and colocalized with
mitochondria in 3-CI-AHPC-treated cells. This result further establishes the TR3-dependent
apoptotic pathway in breast cancer cells and suggests that AHPN analogs are promising agents for
breast cancer.

TR3 HspGO Overlay

Control

3--l-AHPC

Figure 3. A new AHPN analog 3-CI-AHPC induces mitochondrial localization of
endogenous TR3 in MDA-MB-231 cells. MDA-MB-231 cells were treated with or without 3-Cl-
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AHPC (10-6 M) for 1 h, then immunostained with anti-TR3 antibody (Geneka) followed by Cy3-
conjugated secondary antibody to detect endogenous TR3, or with anti-Hsp60 antibody followed by
Cy5-conjugated secondary antibody (Sigma) to detect mitochondria. TR3 and mitochondria
(Hsp60) were visualized using confocal microscopy, and the two images were overlaid (overlay).

Antagonist Analogue of AHPN Family of Apoptosis Inducers That
Effectively Blocks AHPN-Induced Apoptosis but Not Cell-Cycle Arrest. We have
also identified a new retinoid (3-A-AHPC) that antagonizes the effect of AHPN on inducing TR3
expression and apoptosis of breast cancer cells (8). In both MDA-MB468 and MDA-MB231
breast cancer cell lines, the antagonist 3-A- AHPC alone had no effects on cell-cycle arrest and
apoptosis induction, whereas both processes were readily induced by AHPN and its apoptotic
analogues such as 5-Cl-AHPN and 3-CI-AHPC. Alone, 3-A-AHPC had no detectable effect on
p21WAFI/CIP1 protein levels and did not block the induction of p21WAF 1/CIP1 by 3-CI-AHPC.
However, 3-A-AHPC markedly inhibited MDA-MB-468 cell apoptosis induced by 3-Cl-AHPC or
AHPN. Antagonist 3-A-AHPC also inhibited apoptosis induced by AHPN in retinoid-resistant
MDA-MB-231 breast cancer cells (8). The identification of 3-A-AHPC provides an excellent
opportunity to dissect TR3-dependent-signaling pathways in breast cancer cells.

2. Role of RXRa and RXRoc ligands in the regulation of TR3-dependent
apoptotic pathway (Mol. Cell. Biol. In press, 2004)

RXRa is required for TR3 nuclear export and mitochondrial targeting.
RXR(x plays a central role in the regulation of intracellular receptor signaling pathways by acting as
a ubiquitous heterodimerization partner of many nuclear receptors, including the orphan receptor
TR3. We studied whether TR3 and RXRct targeted mitochondria as a heterodimer. When
expression vectors for RXR(x and TR3 were transfected into LNCaP cells, the expressed RXRa
and TR3 resided in the nucleus. However, when cells were treated with 3-CI-AHPC, a apoptosis-
inducing retinoid (8, 9) both RXR(x and TR3 were found in the cytoplasm and their distributions
overlaid (Figure LA). To study whether TR3 mitochondrial targeting required RXRoc, we used the
siRNA approach to inhibit RXRoa expression in LNCaP cells, then examined the subcellular
localization of TR3. Transfection of LNCaP cells with RXR(x siRNA strongly reduced RXRa
protein levels (Figure 1B). In cells transfected with RXRoa siRNA, TR3 was mainly confined in
the nucleus despite TPA treatment (Figure 1C). Thus, cytoplasmic localization of TR3 requires
RXR(x (Fgure 5).

A B C RXRa siRNA

RXRot TR3 Overlay 1 Hsp6C Overlay 2 < RXRa TR3 Overlay

~~X a

F, _-_ - - -
6 -4*P-actin

Figure 4. RXR is required for translocation of TR3 from the nucleus to the cytoplasm. A.
3-CI-AHPC induces mitochondrial localization of transfected RXR(x and TR3. Expression vectors for
myc-TR3 and RXRcx were transfected into LNCaP cells. Cells were then treated with 3-CI-AHPC for
3 hr, then immunostained with anti-myc antibody (9El0, Santa Cruz Biotechnology, Inc) followed by
FITC-conjugated secondary antibody, anti-RXR(x antibody followed by Cy3-conjugated secondary
antibody or anti-Hsp60 antibody followed by Cy5-conjugated secondary antibody (Tackson
Immuno Res.). Myc-TR3, RXRax, and Hsp60 were visualized and the images were overlaid.
Overlayl is the merge of myc-TR3 and RXR(x images, and Overlay 2 is the merge of myc-TR3,
RXRcx, and Hsp60 images. B. LNCaP cells were transfected with or without RXRa siRNA or control
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siRNA for 72 hr. Cell extracts were prepared and analyzed for RXR• expression by Western
blotting. C. Effect of RXR siRNA on RXR• levels and TR3 localization. LNCaP cells were
transfected with or without RXRo• siRNA or control siRNA for 72 hr. Cells were analyzed for
subcellular localization of RXRo• and TR3 by confocal microscopy.

Apoptotic
Stimuli

SM
Sb

]

\

Figure 5. Schematic representation of the role of RXRct in TR3 nuclear export and
mitochondrial targeting (9). RXR• heterodimerizes with TR3 in the nucleus, in response to
apoptotic stimuli, such as retinoid AHPN, TR3/RXR• heterodimer undergoes a protein modification,
such as phosphorylation, then translocates to the cytoplasm, where it targets mitochondria.

Identification of a putative nuclear export sequence in RXRot. To study how
RXR•/TR3 heterodimer translocates from the nucleus to the cytoplasm, we have constructed a
number of TR3 and RXRo• mutants and analyzed their subcellular distribution. Our results (9)
revealed the presence of a putative nuclear export sequence (NES) in RXRo• (Figure 6A). The
DNA sequences representing RXRo• residues 348-368 were fused to green fluorescent protein
(GFP), and the fusion was transfected into HEK293T embryonic kidney cells. The GFP-NES
fusion was found exclusively in the cytoplasm, while LMB treatment prevented its nuclear export.
Mutations of Met357 and Met360 to Ala (GFP-NESm-RXRct) largely abolished nuclear export
activity. Consistently, TPA-induced cytoplasmic localization of TR3 and RXRo• was prevented by
leptomycin B (LMB), an inhibitor of CRM 1-dependent nuclear export. Thus, RXRo• amino acids
348-368 represent a putative NES.
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A 348 368
NES-RXR a RVLTE LVSK MRD-MQKDKTELG
14-3-3 KDSTL IMQL LRDNLTLWTSDTQ
P53 RERFE MFRE LNEALELKDAQAG
Rev EPVPL QLPP LER-LTLDCSEDC
IkBa RPSTR IQQQ LGQ- LTLENLQML
11K-I TNLEA LQKKLEE- LELDEQQRK
PKI GNSNE LALK LAG- LDINKTEGE
Dskl SRFPS LEGA VSE- ISLRDSQKH
NESM-RXR a RVLTELVSKARD-AQMDKTELG

B c
RXRx TR3 Overlay

GFP Hsp6C Overlay

E U- GFP-NES *ONE Control

GFP-NES *ffTPA

momo +LM momm
M -. GFP-NESm *momlLMB.TPA

Figure 6. Identification of a nuclear export sequence in RXRa. A. Schematic
representation of the RXRcx NES. The identified RXRo NES is compared with known NESs
identified in the indicated genes. The bold letters indicate conserved amino acid residues. B. The
RXRa NES is capable of directing GFP to the cytoplasm. The putative RXRcx NES
(RVLTELVSKMRDMQMDKTELG) or its mutant (RVLTELVSKARDAQMDKTELG) (NESm) was
fused to GFP, and the expression vectors were transfected into HEK293T embryonic kidney cells.
Cells were treated with or without LMB for 6 hr, then stained for Hsp60 and analyzed by confocal
microscopy. C. Cytoplasmic localization of RXRcTFrR3 is mediated by CRM1-dependent nuclear
export. LNCaP cells were treated with TPA in the absence (control) or presence of leptomycin B
(LMB, 2.5 ng/ml) (Sigma) and analyzed by confocal microscopy.

Unique TR3/RXRa heterodimerization. We have studied the regulation of the
RXRa NES and found that it is highly regulated by RXRct homodimerization and
heterodimerization. Indeed, subcellular localization of RXRa is highly regulated by its
dimerization. The RXRoa NES is active in the RXRoa monomer but is silenced by RXRa
homodimerization and certain heterodimerizations, such as RXRox heterodimerization with VDR or
RAR. Our results demonstrate that nuclear export of the RXRax/Nur77 heterodimer is due to its
unique heterodimerization in solution (9). RXRux possesses two dimerization interfaces, which are
located in the DBD and the ligand-binding domain (LBD) (14, 15). The strong dimerization
interface in the LBD enables RXRoa homodimerization and heterodimerization with certain
receptors, such as RAR and vitamin D receptor (VDR) in solution. In contrast, the weak
dimerization interface in the DBD does not allow the formation of the RXR homodimer or
heterodimer with RAR in the absence of a specific response element. Our data indicate that
deletion of the major dimerization interface from the RXRct LBD did not impair the interaction of
RXR(x with TR3 in solution, although the deletion completely abolished RXRa interaction with
RAR (9). Our observation that the RXRa DBD alone was sufficient to interact with TR3 (9)
demonstrated that the formation of the RXRWx/TR3 heterodimer in solution is mediated by
dimerization interfaces in their DBD. Given the fact that the RXRot NES is active in the RXRa
monomer conformation, we envision that the unique RXRcx/Nur77 heterodimer formed in solution
through their DBD dimerization interfaces will ensure that the RXRax NES is situated is its active
conformation, resulting in their nuclear export (Figure 7).
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RXR ligands

Nucle Cytoplasm
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Figure 7. Regulation of TR3-dependent apoptotic pthway by RXRa, its
heterodimerization and RXRa ligands. Our results demonstrate that migration of TR3 from the
nucleus to the cytoplasm requires its unique heterodimerization with RXRa, that is mediated by their
dimerization interfaces in their DNA-binding domain interfaces (DI). Such a unique dimerization
results in activation of the RXRtx NES. In contrast, In contrast, binding of RXR ligand 9-cis-RA to
the RXRcfrTR3 heterodimer induces an RXRac conformation that allows heterodimerization with TR3
through their ligand-binding domain interfaces (D2). Such a heterodimer suppresses the RXRca NES,
resulting nuclear localization of TR3/RXRax heterodimer and their DNA binding. It is expected that
certain RXRa ligands may bind to RXRca and promote Dl-mediated heterodimerization. Such
RXRax ligands may be effective apoptosis inducers of breast cancer cells.

Modulation of RXRa/TR3 heterodimerization, their mitochondrial targeting
and apoptosis induction by RXR ligands. In contrast to their heterodimerization in
solution, the C-terminal sequences of TR3 and RXRcz are required for the efficient binding of
RXRovTR3 heterodimer to their specific response element PRARE and transactivation, as is found
for the RXR/RAR heterodimer (16, 17). By using various biochemical approaches, we observed
that RXR ligand can promote RXRoYTR3 heterodimer binding to the PRARE (9). The induction
of RXRW./TR3 heterodimer DNA binding and transactivation by 9-cis-RA is associated with its
inhibition of their DBD-mediated dimerization. RXRax ligand binding allows RXRax to interact
with TR3 through their LBD dimerization interfaces, which may silence the RXRix NES, as does
RXR/VDR or RXR/RAR heterodimerization (9). Thus, the nuclear export of the RXRoVTR3
heterodimer may be suppressed by 9-cis-RA through its induction RXRa homodimerization or
modulation of RXRa/TR3 heterodimerization interfaces. Consistently, we found that RXR
ligands 9-cis-RA and SR 11237 effectively inhibited the release of cytochrome c induced by TPA or
SR 11453 in LNCaP cells (9). As the inhibition was accompanied by the prevention of TR3 and
RXRa mitochondrial targetin, we suggest that RXR ligands suppress apoptosis by inhibiting
mitochondrial targeting of RXRc/TR3 heterodimer.

Different RXRcaITR3 heterodimers may exist in a dynamic equilibrium depending on their
cellular environment. Under normal conditions, both the DBD and LBD dimerization interfaces
may participate in RXRct/TR3 heterodimer formation, so that the dimers exist in both the nucleus
and cytoplasm. In response to apoptotic stimuli, RXRcL and TR3 may preferentially
heterodimerize through their DBD dimerization interfaces to activate the RXRct NES, resulting in
their cytoplasmic localization. In contrast, binding by RXR ligands may induce a dimerization
interface switch that silences the RXRa NES to ensure RXRcWTR3 nuclear localization and
efficient transcriptional regulation. Our observation that RXR ligands regulate apoptosis by
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modulating RXR(/TR3 heterodimer nuclear export provides a novel approach for developing
RXRoa-based apoptosis regulators (Figure 7).

3. The mechanism by which TR3 targets mitochondria and induces apoptosis
(Cell, 116,527-540, 2004).

Identification of TR3 mitochondrial receptor. TR3 exerts its apoptotic effect by
targeting mitochondria. TR3 does not have a classical mitochondrial targeting sequences. We
examined the possibility that it might target mitochondria through its interaction with a
mitochondrial protein. Members of the Bcl-2 family are important regulators of cell death and
survival (18). Many of which, such as Bcl-2, are located predominantly in the mitochondrial outer
membrane. By using a variety of approaches, including GST-pull-down, mammalian two-hybrid
studies, reported gene assay, and immunoprecipitation assays, we found that TR3 physically
interacts with Bcl-2 and that the interaction promotes TR3 mitochondrial targeting (11). Thus, Bcl-
2 acts as a TR3 mitochondrial receptor (Figure 8).

C c

Mitochondria

Figure 8. TR3 interaction with Bcl-2 induces cytochrome c release. Bcl-2 expression
suppresses cytochrome c release. In contrast, interaction of Bcl-2 with TR3 results in extensive
cytochrome c release and apoptosis.

Bcl-2 is required for TR3 induction of cytochrome c release and apoptosis.
TR3 mitochondrial targeting is essential for TR3 induction of cytochrome c release and apoptosis.
Our observation that Bcl-2, a potent apoptosis inhibitor, was required for mitochondrial targeting
by TR3 suggested that Bcl-2 was needed for apoptosis. Indeed, we found that Bcl-2 expression
was required for induction of cytochrome c release and apoptosis by TR3, whereas inhibition of
Bcl-2 expression by Bcl-2 siRNA or Bcl-2 dominant-negative mutant abolished TR3-dependent
apoptosis (11). The pro-apoptotic effect of Bcl-2 seen upon co-expression was specific to TR3,
because Bax-induced apoptosis was effectively prevented by Bcl-2 co-expression. Thus, Bcl-2 can
manifest a pro-apoptotic phenotype in settings where TR3 is expressed and targets to
mitochondria. In contrast, Bcl-2 suppresses apoptosis when co-expressed with Bax.

Bcl-2 undergoes a conformational change upon TR3 binding. Bcl-2 promotes
apoptosis when co-expressed with TR3 but suppresses apoptosis when co-expressed with Bax.
Bcl-2 has a hydrophobic crevice (BH3-binding pocket) on its surfaces that bind the BH3 domains
of other family members. The BH3-binding pocket is essential for anti-apoptotic function of Bcl-
2. Our analysis of structure-function relationships for the pro-apoptotic effect of Bcl-2 in TR3-
induced apoptosis showed that an intact hydrophobic groove in Bcl-2 is required for its anti-
apoptotic activity but not for its pro-apoptotic activity, demonstrating a structural distinction
between these two opposing phenotypes of Bcl-2. We explored whether a conformational change
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might be involved in converting Bcl-2 function from anti-apoptotic to pro-apoptotic. By
comparing the effects of TR3 on binding of Bcl-2 to various anti-Bcl-2 antibodies that recognize
different epitopes using flow cytometry and immunoprecipitation, we found that TR3 binding
induces a Bcl-2 conformational change that exposes its BH3 domain (11). Further analysis
showed that such a conformational change was responsible for its pro-apoptotic effects.

4. Regulation of RARP expression by RXR ligands (Cancer Res. 63, 3531-3538,
2003).

We previously reported that RXR ligands could effectively induce RARP expression in
breast cancer cells (17). In studying how RXR ligands induce RARPI expression, we have
reported that TR3/RXR heterodimer could bind effectively to the PRARE in the RARP promoter
and induced RARP3 expression in response to RXR ligands. Interestingly, we also observed that
RXR could bind to the PRARE as an RXR/PPARy heterodimer (Figure 9A). Moreover, Western
analysis showed that the RXR and PPARy ligands were capable of inducing RARP protein
expression in ZR-75-1 and T-47D breast cancer cells (Figure 9B). Together, these data
demonstrate that RXR ligands can induce RAR[ expression through its activation of either
RXR/TR3 or RXR/PPARY heterodimer (19).

A 8
1 rx.. - + - +

+ + 4

• 4 •, - - S, - -

Figure 9. Regulation of RARfP expression by RXR and its ligands. A. RXR and PPAR7
bind to PRARE as a heterodimeric complex. In vitro translated RXR and PPARY were incubated
with " 2P-radiolabelled PRARE either alone or in combination. The resulting reactions were then
analyzed by EMSA. B. Regulation of RARP protein expression by RXR and PPARy ligands in T-
47D and ZR-75-1 breast cancer cells. T-47D and ZR-75-1 cells were treated for 24 h with
SRI 1237 (1 ltM) in the absence or presence of ciglitazone (10 pM). Cell lysates were prepared and
Western analysis performed as described in Materials and Methods.
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CONCLUSIONS

We have investigated the mechanism by which retinoids induce apoptosis in breast cancer
cells. Our results reveal a new apoptosis paradigm involving translocation of orphan receptor TR3
from the nucleus to the cytoplasm, where it targets mitochondria to induce cytochrome c release
and apoptosis. The migration of TR3 from the nucleus to the cytoplasm requires its
heterodimerization with retinoid X receptor (RXRcx). Unlike other RXRot heterodimerizations,
RXRax heterodimerization with TR3 can be mediated by dimerization interfaces either in their
DNA-binding domain or ligand-binding domain. TR3 heterodimerization with RXRa through its
DNA-binding domain activates a nuclear export sequence (NES) in RXRoa, resulting in their
cytoplasmic localization. In contrast, heterodimerization through their ligand-binding domain
suppress the RXRcx NES. Binding of RXRcx with its agonists promotes its heterodimerization
with TR3 via their ligand-binding domain, leading to their nuclear localization, DNA binding and
transactivation. In studying how TR3 targets mitochondria, we have discovered that TR3 can
physically interacts with Bcl-2 and that Bcl-2 acts as a mitochondrial receptor of TR3 and is
required for apoptotic effect of TR3 in breast cancer cells. Upon TR3 biding, Bcl-2 undergoes a
conformational change, resulting in conversion of Bcl-2 from a protector to killer. Together, our
studies reveal a novel apoptotic pathway involving TR3, RXRot and Bcl-2 in breast cancer cells.
Our results provide various new strategies for develop agents against breast cancer.
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Conversion of Bcl-2 from Protector
to Killer by Interaction with Nuclear
Orphan Receptor Nur77/TR3

Bingzhen Lin, Siva Kumar Kolluri, Feng Lin, 2000). Similarly, mutants of the Bcl-2-homolog, Ced-9,
Wen Liu, Young-Hoon Han, Xihua Cao, appear to promote rather than prevent programmed cell
Marcia I. Dawson, John C. Reed,* death in C. elegans (Xue and Horvitz, 1997). Given that
and Xiao-kun Zhang* the C. elegans genome contains no Bax-homologs,
The Burnham Institute Ced-9 may perform the functions of both Bcl-2 and Bax
Cancer Center by adopting different conformations to exert opposing
10901 North Torrey Pines Road effects on cell life and death.
La Jolla, California 92037 Nur77 (TR3 or NGFI-B), an orphan member of the

steroid/thyroid/retinoid nuclear receptor superfamily
(Kastner et al., 1995; Mangelsdorf and Evans, 1995;

Summary Zhang, 2002), plays roles in regulating growth and apo-
ptosis (Winoto and Littman, 2002; Zamzami and

The Bcl-2 family proteins are key regulators of apopto- Kroemer, 2001; Zhang, 2002). Nur77 expression is rap-
sis in human diseases and cancers. Though known to idly induced during apoptosis in immature thymocytes
block apoptosis, Bcl-2 promotes cell death through and T cell hybridomas (Liu et al., 1994; Woronicz et al.,
an undefined mechanism. Here, we show that Bcl-2 1994), and cancer cells of lung (Li et al., 1998; Kolluri et
interacts with orphan nuclear receptor Nur77 (also al., 2003), prostate (Li et al., 2000; Uemura and Chang,
known as TR3), which is required for cancer cell apo- 1998), ovary (Holmes et al., 2002, 2003), colon (Wilson
ptosis induced by many antineoplastic agents. The et al., 2003), and stomach (Liu et al., 2002; Wu et al.,
interaction is mediated by the N-terminal loop region 2002). High levels of Norn, a Nur77-family member, are
of Bcl-2 and is required for Nur77 mitochondrial local- associated with favorable responses to several chemo-
ization and apoptosis. Nur77 binding induces a Bcl-2 therapeutic agents in patients with diffuse large B-cell
conformational change that exposes its BH3 domain, lymphoma (Shipp et al., 2002).
resulting in conversion of Bcl-2 from a protector to a Recently, we discovered a paradigm in cellular apo-
killer. These findings establish the coupling of Nur77 ptosis (Li et al., 2000), wherein Nur77 translocates from
nuclear receptor with the Bcl-2 apoptotic machinery the nucleus to the cytoplasm, targeting to mitochondria
and demonstrate that Bcl-2 can manifest opposing and inducing cyt c release. Nur77 mitochondrial-tar-
phenotypes, induced by interactions with proteins geting occurs during apoptosis of different types of can-
such as Nur77, suggesting novel strategies for regulat- cer cells (Holmes et al., 2003; Kolluri et al., 2003; Liu et
ing apoptosis in cancer and other diseases. al., 2002; Wilson et al., 2003; Wu et al., 2002). Sindbis

virus-induced apoptosis also involves Nur77 transloca-
Introduction tion to mitochondria (Lee et al., 2002). How Nur77 targets

mitochondria and induces apoptosis however has
Bcl-2-family proteins are evolutionarily conserved regu- been unclear.
lators of apoptosis (Adams and Cory, 1998; Gross et al., In this study, we investigated the mechanism by which
1999; Reed, 1998; Vander Heiden and Thompson, 1999). Nur77 targets mitochondria and induces apoptosis. Our
All members possess at least one of the four conserved results demonstrate that Nur77 interacts with Bcl-2
motifs called Bcl-2 homology (BH) domains. Antiapo- through its ligand binding domain (LBD) and that the
ptotic members, such as Bcl-2 and Bcl-XL, contain all interaction is required for Nur77 mitochondrial targeting
four BH domains. Some proapoptotic members, such and Nur77-dependent apoptosis. Interestingly, Nur77
as Bax and Bak, contain BH1, BH2, and BH3 domains, binds to the Bcl-2 N-terminal loop region, located be-
while others, such as Bad and Bid, share sequence tween its BH4 and BH3 domains, resulting in a confor-
homology only at the BH3 domain. The Bcl-2 family mational change in BcI-2, which converts it from a pro-
proteins primarily act at mitochondria to regulate apo- tector to a killer protein.
ptosis, possibly by forming channels in mitochondrial
membranes (Green and Reed, 1998).

One curious and as yet unexplained aspect of some Results
Bcl-2-family proteins is that their phenotypes can be
reversed in some cellular contexts. Overexpression of Nur77 Interacts with Bcl-2
Bcl-2 or BcI-XL in some cells promotes rather than pre- We investigated whether Nur77 targets to mitochondria
vents apoptosis, whereas Bax and Bak prevent apopto- by binding Bcl-2. In vitro protein binding assays showed
sis under some circumstances (Chen et al., 1996; Fann- that similar proportions of MS-labeled Bcl-2 or RXRa, a
jiang et al., 2003; Grandgirard et al., 1998; Lewis et al., known Nur77 heterodimerization partner, were selec-
1999; Subramanian and Chinnadurai, 2003; Uhlmann et tively pulled-down by GST-Nur77 but not by GST (Figure
al., 1998). Drosophila Bcl-2 homologs exhibit either pro- 1A). Conversely, 35S-labeled Nur77 and Bax, a known
or antiapoptotic activity (Colussi et al., 2000; Igaki et al., heterodimerization partner of Bcl-2, bound equally to

GST-Bcl-2 but not to GST (Figure 1A). In mammalian
*Correspondence: xzhang@bumham.org (X.-k.Z.), jreed@bumham. two-hybrid studies, Bcl-2/ATM, a Bcl-2 mutant lacking
org (J.C.R.) its C-terminal transmembrane domain, strongly inter-
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Figure 1. Interaction of Nur77 with Bcl-2

(A) GST-pull down. GST-Nur77, GST-Bcl-2, or GST control protein immobilized on glutathione-Sepharose was incubated with in vitro synthesized
IS-labeled Bcl-2, RXRa, Nur77, or Bax as indicated. Bound proteins were analyzed by SDS-PAGE autoradiography. Input represents 5% of

protein used in the pull down assays
(B) Mammalian two-hybrid assay. Gal4 reporter gene (Gal4)2-tk-Luc) was transfected into CV-1 cells with the Bcl-2/ATM (TM was deleted to
prevent Bcl-2 membrane association) or RXRo fused with the Gal-DBD alone or with the Nur77 or Nur77/ADBD fused with the Gal-transactivation
domain (TAD). Reporter gene activity was determined 48 hr later.
(C) Inhibition of Nur77-dependent transactivation by Bcl-2. CV-1 cells were transfected with the NurRE-tk-CAT reporter (Li et al., 2000) with
or without Nur77 expression vector together with or without the Bcl-2 or Bax. CAT activity was then determined. The bars in (B) and (C) are
means ± SD from three and six experiments, respectively.
(D) Colocalization of endogenous Nur77 and transfected Bcl-2. LNCaP cells were transfected with Bcl-2, treated with or without TPA (100 ng/
ml) for 3 hr, then immunostained with polyclonal rabbit anti-Bcl-2, mouse monoclonal anti-Nur77, or anti-Hsp60 antibody. Nur77, Bcl-2, and
Hsp60 were visualized using confocal microscopy and images were overlaid (overlay). Approximately 80% of TPA-treated cells demon-
strated colocalization.
(E) Colocalization of transfected GFP-Nur77/ADBD and Bcl-2. GFP-Nur77/ADBD (3 Ig) and Bcl-2 (1 gig) were cotransfected into LNCaP cells.
After 20 hr, cells were immunostained with anti-Bcl-2 antibody. GFP-fusion and Bcl-2 were visualized as in (D). For control, distribution of
transfected GFP empty vector is shown. Approximately 30% of transfected cells exhibited colocalization shown.
iF) In vivo Co-IP assay in LNCaP cells. Lysates from LNCaP cells treated with or without TPA for 3 hr were incubated with mouse monoclonal
anti-Nur77 antibody (Abgent, San Diego, CA). For immunoblotting of immunoprecipitates, anti-Bcl-2 or rabbit polyclonal anti-Nur77 antibody
(Active Motif, Carlsbad, CA) were used.
(G) In vivo Co-IP in H460 cells. Lysates from H460 cells treated with or without 3-CI-AHPC (10-6 M) for 3 hr were incubated with anti-Bcl-2
antibody. Immunoblotting of immunoprecipitates was conducted as in iF).



Bcl-2 Conversion by Nur77/TR3
529

A C

Nur77 IP: .S J?
467 GFPNu4r771 GFP-Nur771Nur77/ADBD __ADBDIA471489 ADBDIL487A +4 . .+ 4

DC3 80.2 - 4- + + BC8-2 - -+
NurMAD7 --O Nur77oIADBDo

N168 [ 447 6A471-488 /L487A - - WB:GFP
DCI

Nur77/ADBDIADCI [ -...-.. -...............- ..- -- WB: Bc6-2

B

ip P: HP: HP: It t P: 1p 'A.or7S. ........... .... GFP-Nur771 . . . . .

GFP + + . . . . GFP-Nur77ID8D + + . . . GFP-DC3 .+ +4. . GFP.N168 + + + + + GFP4OCI 4. .+ . .+ lD ADC1
Bc1-2 -+ + . + + B0.2-2 ÷-4-+ 84l.2 - ++ -2 - + -+ d-2 B 801.2 -

N,71SDf W1B: GFPF N168 NuM I N57771ADBD0

GFP D DCI -

B1.2 ,84- - 80,.2 4- P 81.2 B. 8,-2.[ 80-.2-F a 0 1 we:. BC.2

Figure 2. Ligand binding Domain of Nur77 Interacts with Bcl-2

(A) Schematic representation of Nur77 mutants. The Nur77 DBD and LBD are indicated.
(B-C) In vivo Co-IP of Nur77 mutants and Bcl-2. The indicated Nur77 mutant fused with GFP or the empty GFP vector (6 p.g) was cotransfected
with the empty vector (pRC/CMV) or Bcl-2 expression vector (2 I.g) into HEK293T cells. Lysates were immunoprecipitated by using either
polyclonal rabbit anti-Bcl-2 antibody (against whole Bcl-2 protein) or control IgG. Cell lysates and immunoprecipitates were examined by
immunoblotting using anti-GFP antibody. The same membranes were also blotted with anti-Bcl-2 antibody to determine IP specificity and
efficiency. Input represents 5% of cell lysates used in the Co-IP assays.

acted with Nur77 or Nur77/ADBD, a Nur77 mutant lack- ure 2A) as GFP fusions. When GFP-Nur77/ADBD and
ing its DNA binding domain (DBD), comparable to the Bcl-2 were cotransfected into HEK293T cells, a signifi-
interaction of Nur77 with RXRa (Figure 1 B). Bcl-2 but cant amount of GFP-Nur77/ADBD was coprecipitated
not Bax potently inhibited Nur77 transactivation (Figure with Bcl-2 by anti-Bcl-2 antibody but not by control
1 C), again suggesting an interaction between Nur77 and IgG (Figure 2B). This Co-IP was specific because Bcl-2
Bcl-2. coexpression was required and the GFP control protein

We next determined whether endogenous Nur77 and did not interact with Bcl-2. Analysis of other Nur77 mu-
transfected Bcl-2 colocalized in cells. The phorbol ester tants revealed that the C-terminal domain (DC3), but
12-O-tetradecanoyl phorbol-13-acetate (TPA) induces not the N-terminal domain (N168), of Nur77/ADBD was
the expression of endogenous Nur77 and its mitochon- responsible for binding Bcl-2. The C-terminal fragment
drial localization in LNCaP prostate cancer cells (Li et DC1 (467-536 aa) strongly interacted with Bcl-2, while its
al., 2000). In TPA-stimulated cells, the distribution pat- deletion from Nur77/ADBD (Nur77/ADBD/ADC1) largely
terns of TPA-induced endogenous Nur77 and trans- abolished the interaction. Furthermore, deletion of a pu-
fected Bcl-2 overlapped extensively in the cytoplasm tative amphipathic a-helix (471-488 aa) from Nur77/
and colocalized with Hsp60, a mitochondria-specific ADBD (Nur77/ADBD/A471-488) or mutation of Leu487
protein (Figure 1 D). Transfected Nur77/ADBD and Bcl-2 in the region to Ala (Nur77/ADBD/L487A) significantly
also colocalized in cells. The green fluorescent protein impaired the interaction between Nur77/ADBD and
(GFP) tagged Nur77/ADBD, which constitutively resides Bcl-2 (Figure 2C). Thus, the DC1 region in the Nur77
on mitochondria in LNCaP cells (Li et al., 2000), dis- LBD is crucial for Bcl-2 interaction.
played a distribution pattern that overlapped extensively
with coexpressed Bcl-2, while control GFP protein dis- The Bcl-2 Loop Region, but Not Its Hydrophobic
tributed diffusely in cells (Figure 1 E). Groove, Is Responsible for Nur77 Binding

The interaction between Nur77 and Bcl-2 was further Bcl-2 and BcI-XL have hydrophobic crevices on their
confirmed by coimmunoprecipitation (Co-IP) assays. As surfaces that bind the BH3 domains of otherfamily mem-
shown in Figure 1 F, Bcl-2 was specifically coimmuno- bers (Sattler et al., 1997). To examine whether Nur77
precipitated by anti-Nur77 antibody in TPA-treated cells binds to the Bcl-2 hydrophobic groove, we analyzed the
but not in nontreated cells. Co-IP using lysates from interaction of Nur77/ADBD with several deletion or point
H460 lung cancer cells treated with AHPN analog 3-Cl- mutants of Bcl-2 (Figure 3A), which are defective in form-
AHPC, which potently induces Nur77 expression, mito- ing the hydrophobic groove (Petros et al., 2001; Sattler
chondrial targeting and apoptosis (Kolluri et al., 2003), et al., 1997). Deletion (data not shown) or point mutations
also demonstrated a strong interaction between endog- (Y1 08K, Li 37A, GI 45A, or R1 46Q) in Bcl-2 abolished or
enous Nur77 and Bcl-2 (Figure 1 G). reduced the interaction with Bax (Figure 3B). In contrast,

these mutants retained the ability to bind Nur77/ADBD
The Nur77 LBD Is Required for Binding Bcl-2 (Figure 3C). We also analyzed whether Bax or Bcl-Gs,
To identify the Nur77 domain responsible for interaction a BH3-only Bcl-2-family protein (Guo et al., 2001), could
with Bcl-2, we constructed several Nur77 mutants (Fig- compete with Nur77 for binding Bcl-2. Our results
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Figure 3. The Bcl-2 Loop Region Interacts with Nur77

(A) Schematic representation of Bcl-2 and its mutants. BH and loop domains and a-helical regions are indicated.
(B) Mutations in the Bcl-2 hydrophobic groove abolish Bcl-2 interaction with Bax.
(C) The Bcl-2 hydrophobic groove is not required for Bcl-2 binding to Nur77/ADBD. Co-IP assays (B and C) were performed as in Figure 2B
using lysates from HEK293T cells transfected with GFP-Nur77/ADBD and the empty vector or the indicated Bcl-2 plasmid. Immunoprecipitates
and lysates were examined by immunoblotting using the indicated antibodies.
(D) BH3-only protein BcI-Gs does not compete with DC1 for binding to Bcl-2. GFP-DC1 (4 .Lg) was expressed in HEK293T cells with or without
Bcl-2 (2 jIg) in the presence or absence of GFP-Bcl-Gs or GFP-Bcl-Gs/L216E (4 jIg). Lysates were immunoprecipitated by anti-Bcl-2 antibody,
followed by immunoblotting with anti-GFP or anti-Bcl-2 antibody.
(E) Bax does not compete with Nur77/ADBD for binding to Bcl-2. GFP-Nur77/ADBD (6 Rg) was expressed in HEK293T cells with or without
Bcl-2 (2 gg) in the presence or absence of Bax (2 Kig). Lysates were immunoprecipitated by anti-Bcl-2 antibody. Immunoprecipitates and
lysates were examined by immunoblotting using anti-GFP, anti-Bcl-2, or anti-HA antibody.
(F) The Bcl-2 N-terminal loop region is essential for Nur77/Bcl-2 interaction. GFP-Nur77/ADBD was cotransfected with the indicated Bcl-2
mutant plasmid into HEK293T cells. Lysates were immunoprecipitated by anti-myc or Bcl-2 antibody as indicated. Immunoprecipitates were
analyzed by immunoblotting with anti-GFP, anti-Bcl-2, or anti-myc antibody.

showed that neither BcI-Gs (Figure 3D) nor Bax (Figure Indeed, the first 80 amino acid residues of Bcl-2 (Bcl-2/
3E) interfered with DC1 or Nur77/ADBD binding to Bcl-2. 1-80), like the full-length Bcl-2, strongly interacted with
Rather, these proteins consistently enhanced their inter- Nur77/ADBD (Figure 3F). The Bcl-2/1-80 encompasses
action with Bcl-2. Thus, binding of Bcl-2 to Nur77 is the BH4 domain and an unstructured loop domain. To
distinct for its binding to Bcl-Gs and Bax and does not determine whether the BH4 domain or the loop region
require the BH3 binding hydrophobic groove in Bcl-2. was responsible for binding to Nur77/ADBD, we investi-

The above observations suggested that the N-ter- gated Nur77/ADBD interaction with BcI-2 mutants lack-
minalportionofBcl-2wasresponsibleforbindingNur77. ing the BH4 domain (Bcl-2/ABH4) or the loop region
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(Bcl-2/ILoop) (Figure 3F). Co-IP assays demonstrated Bcl-2 for binding to Nur77. Together, these results dem-
that the Bcl-2/ABH4 retained the ability to interact with onstrate that BcI-2 acts as a receptor for Nur77 and is
Nur77/ADBD, whereas BcI-2/ALoop did not (Figure 3F). responsible for Nur77 mitochondrial targeting.
Thus, the loop region of Bcl-2 is required for binding
to Nur77. Nur77 Interaction with Bcl-2 Triggers cyt c

Release and Apoptosis

Interaction with BcI-2 Mediates Nur77 Next, we determined the requirement of Nur77 interac-

Mitochondrial Targeting tion with BcI-2 for Nur77-induced cyt c release and apo-

To determine whether interaction with Bcl-2 mediated ptosis. Transient expression of Nur77/ADBD or Bcl-2

Nur77 mitochondrial targeting, we transfected GFP- alone did not cause release of cyt c from mitochondria

Nur77/ADBD alone or with Bci-2 into HEK293T cells, in HEK293T cells, as confocal microscopy analysis

which lack detectable levels of endogenous BcI-2. GFP- showed punctate cyt c staining, indicative of mitochon-

Nur77/ADBD was diffusely distributed in the cytosol drial cyt c (Figure 5A). However, their coexpression re-

(Figure 4A), indicating that it failed to target mitochon- suited in their colocalization and release of cyt c from

dria. However, when coexpressed with Bcl-2, GFP- mitochondria (Figure 5A). Cyt c release required mito-

Nur77/ADBD displayed a distribution pattern overlap- chondrial localization of Nur77/ADBD and BcI-2, be-

ping with mitochondrial Hsp60. Thus, Bcl-2 expression cause it did not occur upon coexpression of Nur77/

conferred mitochondrial targeting to Nur77/ADBD. The ADBD with Bcl-2/ATM, a Bcl-2 mutant unable to target

colocalization of Nur77/ADBD and Hsp60 was depen- mitochondria (Figure 5A). Interestingly, coexpression of

dent on Nur77/ADBD binding to Bcl-2, because mutants Nur77/ADBD and Bcl-2/Y108K did not induce cyt c re-

of GFP-Nur77/ADBD (Nur77/ADBD/L487A and Nur77/ lease, although they colocalized (Figure 5A). These re-

ADBD/A471-488) that failed to bind Bcl-2 (Figure 2) did suits suggest that the interaction between Nur77/ADBD

not colocalize with mitochondria. and Bcl-2 is insufficient for inducing cyt c release.

The role of Bcl-2 in mitochondrial targeting of Nur77 Expression of either Nur77/ADBD or Bcl-2 alone did

was further studied by examining the accumulation of not induce apoptosis, as revealed by the absence of

Bcl-2 binding Nur77/ADBD and nonbinding Nur77/ nuclear fragmentation and chromatin condensation in

ADBD/A471-488 in mitochondria-enriched heavy mem- HEK293T cells (Figure 5B). However, when coex-

brane (HM) fractions of HEK293T cells (Figure 4B). HM pressed, Bcl-2 and Nur77/ADBD induced striking apo-

preparation purity was established by assessing levels ptosis. The proapoptotic effect of Bci-2 was specific to

of mitochondrial Hsp60, nuclear protein PARP, and cyto- Nur77, because Bax-induced apoptosis was effectively

solic/nuclear protein Jun N-terminal kinase (JNK). prevented by Bcl-2 coexpression (see below). Thus,

Nur77/ADBD accumulated in the HM fraction when Bcl-2 BcI-2 promotes apoptosis when coexpressed with

was coexpressed, whereas Nur77/ADBD/A471-488 did Nur77 but suppresses apoptosis when coexpressed

not accumulate irrespective of Bcl-2 coexpression. with Bax.

To complement these gene transfection experiments, We next examined the role of endogenous Bcl-2 onTo cmplmen thse gne ranfecion xpeimets, Nur77-dependent apoptosis in MGC80-3 cells. Treat-

small interfering (si)RNA was used to determine whether m entofc nt Fp-siRAinsfeCted cells wit-
suppessng edognousBcl2 exresion ffeted ment of control GFP-siRNA-transfected cells with 3-CI-

suppressing endogenous Bcl-2 expression affected AHCrsleinaotis(gus5CndD)
Nur7 mtocondialtaretig. n MC803 gstrc cn- AHPC resulted in apoptosis (Figures 5C and 5D).

Nur77 mitochondrial targeting. in MGC80-3 gastric can- However, transfection of Bcl-2 siRNA suppressed 3-Cl-

cer cells, in which Nur77 was reported to target mito- Ho -nued apoptoi by bout 6O0/A silaresult

chondria in response to specific apoptotic stimuli (Liu weeotin ed in by cells (Supple men al res 51
et a., 002, Bl-2expessin ws amos copleely were obtained in H460 cells (Supplemental Figure S1

et al., 2002), Bcl-2 expression was almost completely available on Cell website). Moreover, expression of
inhibited by Bcl-2-specific siRNA but not by GFP siRNA Bcl-2/1-90 protein also suppressed Nur77-dependent
control (Figure 4C). Both confocal microscopy (Figure apoptosis induced by TPA and 3-CI-AHPC in LNCaP
4D) and immunoblotting of HM fractions (Figure 4E) re- cells (Figure 5E). Thus, Bcl-2 can manifest a proapo-
vealed that endogenous Nur77 targeted mitochondria in ptotic phenotype in settings where Nur77 is expressed
MGC80-3 cells treated with 3-CI-AHPC. However, Bcl-2 and targets to mitochondria.
siRNA, but not control GFP siRNA, largely abolished To extend the above findings to primary cells, we
mitochondrial targeting of Nur77. Similarly, inhibition of performed experiments using primary cultures of pe-
endogenous Bcl-2 expression using Bcl-2 antisense oli- ripheral blood lymphocytes (PBLs). Freshly isolated
gonucleotides impaired Nur77 mitochondrial targeting PBLs were transfected with GFP-Nur77, then treated
in H460 lung cancer cells (Supplemental Figure S1 avail- with TPA plus calcium ionophore ionomycin, which in-
able at http://www.cell.com/cgi/content/full/116/4/ duce Nur77-dependent apoptosis of T-lymphocytes
527/DC1). (Woronicz et al., 1994). The treatment caused transloca-

We next studied whether the Bcl-2 loop region could tion of GFP-Nur77 from the nucleus to the cytoplasm,
act in a dominant-negative fashion to inhibit Nur77 mito- colocalizing with cotransfected DsRed2-Mito, a red fluo-
chondrial targeting. In LNCaP cells transfected with rescent protein (RFP) fused with a mitochondria-tar-
GFP-Bcl-2/1-90, a Bcl-2 mutant comprised of the first geting sequence (Figure 6A). Subcellular fractionation
90 N-terminal amino acids, TPA-induced Nur77 failed revealed that the treatment induced accumulation of
to target mitochondria, displaying a diffuse cytosolic endogenous Nur77 in HM fractions (Figure 6B). Interest-
distribution pattern, in contrast to nontransfected cells, ingly, this treatment also altered the migration of Nur77
which exhibited colocalization of Nur77 and Hsp60 (Fig- protein, suggesting a possible posttranslational modifi-
ure 4F). Thus, Bcl-2/1-90 inhibits Nur77 mitochondrial cation. Thus, both transfected and endogenous Nur77
targeting, probably by competing with endogenous targets mitochondria in primary lymphocytes.
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Figure 4. Nur77/Bcl-2 Interaction Mediates Nur77 Mitochondrial Localization
(A) Bcl-2 expression promotes Nur77/2DBD mitochondrial localization. The indicated GFP-Nur77 mutant (3 I g) and Bcl-2 (1 ig) were expressed

in HEK293T cells alone or together. Cells were immunostained with anti-Bcl-2 or anti-Hsp60 antibody. Bcl-2, Nur77/AIDBD, its mutants, and
mitochondria (Hsp60) were visualized using confocal microscopy and the images were overlaid (overlay). Approximately 30%/ of cells showed
Nur77/ADBD colocalization with Bcl-2 and Hsp60, while less than 5% of cells transfected with Nur77/AIDBD mutants were similarly colocalized.
In the absence of Bcl-2, Nur77/.DBD did not colocalize with Hsp60.

(B) Immunoblotting analysis of the effect of Bcl-2 expression. GFP-Nur77/k.DBD or GFP-Nur77/ADBD/,1471 -488 (6 p~g) and Bcl-2 (2 .tg) were
transfected into HEK293T cells alone or together. HM fractions were prepared and analyzed for accumulation of Nur77/AODBD in mitochondria
by immunoblotting using anti-GFP antibody. The same membrane was also blotted with anti-Bcl-2, anti-Hsp60, anti-PARiP, or anti-JNK
antibody. Whole lysate was prepared from cells transfected with Nur77/aDBD and Bcl-2.

(C) Inhibition of Bcl-2 expression by Bcl-2 siRNA. MGC80-3 cells were transfected with Bcl-2 siRNA SMARTpooI or control GFP siRNA or left
alone. After 48 hr, lysates were prepared and assayed by immunoblotting using anti-Bcl-2 and anti-p-actin antibodies.
(D-E) Inhibition of endogenous Bcl-2 expression abrogates 3-CI-AHPC-induced Nur77 mitochondrlal targeting. MGC8(-3 cells trensfected
with siRNA as descrlbed in (C) were treated with 3-CI-AHPC (10`` M) for 5 hr. Cells were immunostained with anti-Nur77 and anti-Hsp60
antibodies for confocal microscopy analysis (D) or subjected to HM fractionation and analysis (E) as descrbed in (B).
(F') Bcl-2/1-go inhibits Nur77 mitochondrial targeting. LNCaP cells were transfected with GFP-Bcl-2/1-90 (4 Dg). After 24 hr, cells were treated
with TPA (100 ng/ml) for 3 hr and immunostained with anti-Nur77 and anti-Hsp60 antibodies, followed by confocal microscopy analysis.
Approximately 77% of transfected cells showed the effect presented.

We also studied the role o r of Bcl-2 in Nur77-dependent siRNA (Figure 6C). In addition, GFP-Nur77/ADBD also
apoptosis in PBLs. Treatment with TPA/ionomycin in- colocalized extensively with DsRed2-Mito (Figure 6D)
duced extensive apoptosis of PBLs, which was partially and potently induced PBL apoptosis (Figure 6E), which
inhibited by Bcl-2 antisense oligonucleotides or Nur77 was almost completely suppressed by Bcl-2 antisense
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Figure 5. Interaction of Nur77 with Bcl-2 Results in cyt c Release and Apoptosis

(A) Induction of cyt c release by coexpression of Bcl-2 and Nur77/,IDBD. GFP-Nur77/ADBD (6 Rg) and Bcl-2 (2 l~g) were expressed in HEK293T

cells alone and together. GFP-Nur77/ADBD was also coexpressed with Bcl-2/ATM or Bcl-2/Y108K (2 Itg). Cells were immunostained with

anti-Bcl-2 or anti-cyt c antibody. Nur77/ADBD, Bcl-2 and cyt c were visualized using confocal microscopy, and images for Nur77/ADBD and

Bcl-2 were overlaid (overlay). Approximately 75% of the Nur77/ADBD and Bcl-2 colocalized cells displayed various levels of diffuse cyt c staining.

(B) Induction of apoptosis by coexpression of Bcl-2 and Nur77/ADBD. Bcl-2 and GFP-Nur77/ADBD were expressed alone or together in

HEK293T cells. After 36 hr, cells were stained by anti-Bcl-2 antibody, followed by TRITC-conjugated secondary antibody (Sigma) and the

nucleus was stained by DAPI. Expression of Bcl-2 and GFP-Nur77/ADBD, as well as nuclear morphology, were visualized by fluorescence

microscopy, and the three images were overlaid. Arrows indicate cells expressing Bcl-2 and GFP-Nur77/ADBD. One of four similar experiments

is shown.

(C-D) Inhibition of endogenous Bcl-2 expression suppresses 3-CI-AHPC-induced apoptosis. MGC80-3 cells were transfected with Bcl-2 siRNA

SMARTpool or control GFP siRNA. After 36 hr, cells were treated with 3-CI-AHPC (10-6 M) for 48 hr. Apoptosis was determined by DAPI

staining as shown in (C) and scored by examining 300 cells for nuclear fragmentation and/or chromatin condensation (D).

(E) Bcl-2/1-90 inhibits TPA and 3-CI-AHPC-induced apoptosis. LNCaP cells were transfected with GFP or GFP-Bcl-2/1-90. After 24 hr, cells

were treated with TPA (100 ng/ml) or 3-CI-AHPC (10 6 M) for 24 hr. Apoptosis was studied as in D.



Cell
534

A B
DsRed2 Whole Lysate HM

GFP-Nur77 -Mito Overlay TPA/ 0
ionomycin(min) 0 10 15 30 45 010 15 30 45

Control
Nur77-*- Nur77

EO 
"c•2* t 

Bcl-2 --

TPA/ Hap 60
lonomycin

JNK

c D
S m0. DsRed2

40i GFP -Mito Overlay

30m3
02 GFP

0"

0.10-

- 30
NGFP GFP-Nur777ADBD

0. = 20
S250 -

100 Bcl.2-t- I I
000 a-Tubulin

1 2 3 4 1 2 3 4 o-0

Annexin V-PE (log fluorescence) control Bcl-2

G H _____

~40 235oi

Z 030 15

35 2iI 0.120 U20 0liii -Nclfl4O--+------------------------+

.2 i is 0.10. 0. 10 +F.u77ABBcl-2 -++-------------

Bcl-2--+-- +---- Bax- +. . . Bcl.2IABHI .-. - ------.................
Nur77IADBO - -+----- - ----- -- c-2 - - - - - - Bcl-2/ABH2 ------- ----- - .------- .....

C3----------- -- -.-- -c---Y- K- - -- - - --cl--A-H3 ------ -------- .....-.-.-------
DC-----. ... ...-.-... i-2-L137A . .----- - - ------ -- - -++ -.--------NuMADD(7A -- - -- CI- -- JG-214SA -+ BCI-2,1,TMI - ---- --------

NUr77IADBDI1487A--------------.... -GFP +++ + +. + Bcl.-2/loop -------- ------- - ..------
Nur77IADBD/A471-488 ----- -- -- -- --Nur7MIADBD/ADC1 ..........- ++ Bcl2/Y - --K- ---------- .--------------B-l-2-1-37A----------

Scl-2/G145A ----- "---- ---- "

Figure 6. Nur77 Mitochondrial Targeting in Human PBLs and Apoptotic Effects of Nur77 and Bcl-2 Mutants
(A) Mitochondrial targeting of Nur77 in PBLs. GFP-Nur77 (1 ý±g) and pDsRed2-Mito (1 p.g) were transfected into freshly isolated human PBLs.
The cells were then treated with TPA (10 ng/ml) and ionomycin (0.5 1iM) for 30 min after 10 hr of transfection. GFP-Nur77 and mitochondria
(pDsRed2-Mito) were visualized using confocal microscopy. Approximately 20% of the cells showed the pattern presented.
(B) Endogenous Nur77 accumulates in the PBL HM fraction. PBLs were treated with TPA and ionomycin as in (A) for the indicated times and
HM fractions were isolated. Total cell lysates and HM fractions were subjected to immunoblotting as described in Figure 4B.
(C) Nur77 and Bcl-2 are required for apoptosis in PBLs. PBLs were transfected with control GFP siRNA, Nur77 siRNA, or Bcl-2 antisense
oligonucleotides (2 gg). After 40 hr, cells were treated with TPA and ionomycin for 7 hr and apoptotic cells (Annexin-V positive) were determined
by flow cytometry. Bars represent average - means from two experiments.
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oligonucleotides (Figure 6F). Thus, endogenous Bcl-2 Bcl-2 Undergoes a Conformational Change
contributes to Nur77-dependent apoptosis in primary upon Nur77 Binding
lymphocytes. Bax and Bak undergo conformational changes in associ-

ation with their conversion from latent to active killer

Analysis of Bcl-2 Domain Required for Apoptosis proteins (Griffiths et al., 1999; Nechushtan et al., 1999).

Induction by Nur77 We therefore explored whether a conformational change

To characterize the proapoptotic mechanism of Bcl-2 might be involved in converting Bcl-2 function from anti-

in Nur77-induced apoptosis, various Nur77 and Bcl-2 apoptotic to proapoptotic. To this end, we compared

mutants were coexpressed in HEK293T cells. Similar to the effects of Nur77 on binding of BcI-2 to various anti-

Nur77/ADBD, coexpression of either DC3 or DC1 with Bcl-2 antibodies that recognize different epitopes. Anti-

Bcl-2 strongly induced apoptosis (Figure 6G). Thus, the body binding to Bcl-2 was measured by immunofluores-
l binding cence using flow cytometry or by immunoprecipitation.minimal C-terminal domain of Nur77, capable of bnig First, Bcl-2 was coexpressed with GFP-Nur77/ADBD

Bcl-2, was sufficient to induce apoptosis when coex- or the control GFP in HEK293T cells, and immunostain-

pressed with Bcl-2. The requirement of Nur77 interaction or the perol on in and ce rmean d clsu s -

withBcl2 fr apptois as frthr ilustate bythe ing was performed on fixed and permeabilized cells us-with Bcl-2 for apoptosis was further illustrated by the ing rabbit polyclonal antibody against the whole Bcl-2

failure of Nur77 mutants (Nur77/ADBD/ADC1, Nur77/ protein (rBcl-2), mouse monoclonal antibody against
ADBD/A471-488, and Nur77/ADBD/L487A) that failed to the Bcl-2 BH3 binding pocket (aBcl-2/1BH3-pocket), or
bind Bcl-2 (Figure 2) to induce apoptosis when coex- polyclonal antibody against the Bcl-2 BH3 domain
pressed with Bcl-2 (Figure 6G). (aBcl-2/BH3-domain) (Figure 7A). Bcl-2 immunofluores-

Bcl-2 effectively suppressed apoptosis induced by cence was undetectable in control GFP-coexpressing
Bax expression in HEK293T cells (Figure 6H). Bcl-2 mu- cells stained with the aBcl-2/BH3-domain antibody but
tations (Y1 08K, Li 37A, G1 45A) that impaired its interac- dramatically increased in GFP-Nur77/.DBD-coexpress-
tion with Bax (Figure 3B) abolished its inhibitory effect ing cells, suggesting increased availability of the BH3-
on Bax-induced apoptosis (Figure 6H), consistent with domain epitope upon Nur77/ADBD coexpression (Fig-
previous observations that the Bcl-2 hydrophobic cleft ure 7A). In contrast, immunofluorescence obtained by
is essential for its antiapoptotic effect. staining with the aBcl-2/BH3-pocket antibody was re-

We then performed experiments to delineate the duced by coexpression of GFP-Nur77/ADBD, suggest-
structure-function relationships for the proapoptotic ef- ing decreased availability of this epitope. Alterations in
fect of Bcl-2 in Nur77-induced apoptosis (Figure 61). binding of epitope-specific antibodies to Bcl-2 in re-
Coexpression of Nur77/ADBD with Bcl-2/ALoop did not sponse to GFP-Nur77/ADBD coexpression were not due
induce cell death, consistent with the inability of this to changes in Bcl-2 levels, because GFP-Nur77/ADBD
Bcl-2 mutant to bind Nur77 (Figure 3). Though capable coexpression did not alter Bcl-2 immunofluorescence
of binding Nur77/ADBD, mutants of Bcl-2 lacking the when stained with aBcl-2 antibody. In addition, both
membrane-anchoring TM domain, the BH1 domain, BH2 immunoblotting analysis (Figure 7A) and BD cytometric
domain, or BH3 domain were incapable of inducing apo- bead assays (Supplemental Figure S2 available on Cell
ptosis when coexpressed with Nur77/ADBD. Similarly, website) revealed equivalent Bcl-2 levels with GFP or
although binding Nur77, a BH3 domain mutant of Bcl-2 GFP-Nur77/ADBD coexpression. Nur77/ADBD coexpres-
(Y108K) also failed to induce apoptosis when coex- sion also did not modify binding of these epitope-specific
pressed with Nur77/ADBD. Moreover, mutations of the antibodies to Bcl-2/ALoop (Supplemental Figure S3 avail-
BH3 binding pocket of Bcl-2, Li 37A, and G1 45A, which able on Cell website). The Nur77/ADBD-induced change
abrogated the ability of Bcl-2 to suppress Bax-induced in Bcl-2 conformation was also observed in PBLs (Figure
apoptosis (Figure 6H), retained the ability to promote 7B and Supplemental Figure S4 available on Cell
apoptosis when coexpressed with Nur77/ADBD. Thus, website).
an intact hydrophobic groove in Bcl-2 is required for Second, the effects of Nur77/ADBD on Bcl-2 confor-
its antiapoptotic activity but not for its proapoptotic mation were studied using immunoprecipitation assays.
activity, demonstrating a structural distinction between These experiments showed that coexpression of Nur77/
these two opposing phenotypes of Bcl-2. ADBD reduced binding of Bcl-2 to the oBcl-2/BH3-

(D) Nur77/ADBD targets mitochondria in PBLs. pDsRed2-Mito and GFP or GFP-Nur77/ADBD (1 jig each) were cotransfected into PBLs. GFP-

Nur77/ADBD and pDsRed2-Mito were visualized as described in (A). Approximately 30% of the transfected cells showed the pattern presented.

(E) Nur77/ADBD induces apoptosis of PBLs. GFP or GFP-Nur77/ADBD (2 jig) was transfected into PBLs for 18 hr. The transfected (GFP-

positive) cell subpopulation was identified by flow cytometry (Kolluri et al., 1999). The apoptotic cells in the transfected (green histogram) and

nontransfected (purple histogram) cells were identified by Annexin-V-PE staining. The numbers represent % of transfected cells showing

Annexin-V staining compared to nontransfected cells from the same culture dish.

(F) Bcl-2 is required for Nur77/ADBD-induced apoptosis. GFP-Nur77/ADBD (1 jig) was cotransfected into PBLs with control oligonucleotides

or Bcl-2 antisense oligonucleotides (2 jig). After 48 hr, apoptotic cells were determined as described for (E). Bars represent average -t means

from two measurements.

(G) Interaction of Nur77 with Bcl-2 is required for apoptotic effect of Nur77/Bcl-2 coexpression. The indicated Nur77 mutant (6 jig) was

transfected with empty or Bcl-2 expression vector (2 jig) into HEK293T cells. After 36 hr, apoptotic cells were determined by DAPI staining.

(H) Effect of Bcl-2 mutations on the apoptotic effect of Bax. HEK293T cells were transfected with the indicated expression vectors and

apoptotic cells were determined by DAPI staining.
(I) Effect of Bcl-2 mutations on the apoptotic effect of Nur77/Bcl-2 coexpression. Bcl-2 or a mutant was transfected with GFP or GFP-Nur77/

ADBD into HEK293T cells. Apoptosis wan then determined by DAPI staining. Bars in (G)-(I) are means t SD from three independent experiments.
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Figure 7. Interaction of Nur77 with Bcl-2 Induces Bcl-2 Conformational Change
(A) Nur77 induces change in BcI-2 conformation. Bcl-2 (5 jIg) was cotransfected into HEK293T cells with GFP or GFP-Nur77/ADBD (5 jig) for
14 hr. Portion of the transfected cells were subjected to immunoblotting to confirm similar expression of Bcl-2 in the two samples (right). The
remaining cells were divided into three different pools, which were immunostained with three different anti-Bcl-2 antibodies: tBcl-2, aBcl-2/
BH3-pocket (BD Transduction Labs), and coBcl-2/BH3 domain (Abgent), followed by SRPD-conjugated secondary antibody (Southem Biotech).
Transfected (GFP-positive) cells were identified by flow cytometry. Bcl-2 fluorescence from the transfected cells (green histogram) was
compared to that from the nontransfected cells (purple histogram). Similarly fluorescing cells were gated to compare Bcl-2 immunofluorescence
after GFP or GFP-Nur77/ADBD coexpression. Numbers represent % of transfected cells showing Bcl-2 immunofluorescence compared to
the autofluorescence of the nontransfected cells from the same transfection.
(B) Change of Bcl-2 conformation by Nur77/ADBD in PBLs. Bcl-2 (1 jig) was cotransfected into PBLs with GFP or GFP-Nur77/ADBD (1 Rig).
A portion of the cells were subjected to immunoblotting (Supplemental Figure S4 available on Cell website). The remaining cells were
immunostained with aBcl-2/BH3-domain antibody 10 hr after transfection as described in (A).
(C) Nur77/ADBD modulates immunoprecipitation of Bcl-2 by epitope-specific anti-Bcl-2 antibodies. HEK293T cells were transfected with the
indicated expression vector. After 18 hr, cells lysates were prepared and incubated with the indicated anti-Bcl-2 antibody for immunoprecipita-
tion. Immunoprecipitates were subjected to immunoblotting using anti-Bcl-2 antibody (Santa Cruz).
(D) Alteration of Bcl-2 interaction with Bcl-XL by Nur77/ADBD. The indicated Bcl-2 mutant and BcI-XL were coexpressed with or without GFP-
Nur77/ADBD in HEK293T cells. Lysates were immunoprecipitated by anti-Bcl-2 antibody, and immunoprecipitates examined by immunoblotting
using anti-Myc or anti-Bcl-2 antibody.
(E) Alteration of Bcl-2 interaction with Bak by Nur77/ADBD. The indicated Bcl-2 mutant and Bak were coexpressed with or without GFP-
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pocket antibody, but enhanced binding of Bcl-2 to the apoptosis (Figures 71-7J). Thus, Bcl-2-mediated apo-
uiBcl-2/BH3-domain antibody. In contrast, Nur77/ADBD ptosis induced by Nur77 depends on multidomain pro-
did not affect the immunoprecipitation efficiency of the apoptotic Bcl-2-family proteins such as Bak.
(BcI-2 antibody (Figure 7C). Together, these results
demonstrate that Nur77 binding induces a Bcl-2 confor- Discussion
mational change that exposes its BH3 domain.

Proapoptotic BH3-only members of the Bcl-2 family Despite lacking classical mitochondria-targeting se-
induce apoptosis by binding to other Bcl-2 family mem- quences, Nur77 translocates from the nucleus to mito-
bers through their BH3 domains (Huang and Strasser, chondria, in response to specific cell death stimuli, to
2000; Kelekar and Thompson, 1998). We therefore ex- trigger cyt c release and apoptosis. The results pre-
amined whether Nur77 binding alters the ability of Bcl-2 sented here provide evidence that Nur77 targets mito-
to bind Bcl-XL or Bak (Figures 7D-7E). At least when chondria through its interaction with Bcl-2, revealing a
assessed in detergent containing cell lysates by Co-IP, crosstalk between Nur77 nuclear receptor and the Bcl-2
Bcl-2 bound BcI-XL and Bak independently of Nur77 signalings. Furthermore, our results demonstrate that
(data not shown). To address whether Bcl-2 bound dif- the interaction provokes a proapoptotic phenotype of
ferently to Bcl-XL and Bak in the presence of Nur77/ Bcl-2 by inducing a conformational change in Bcl-2 that
ADBD, two Bcl-2 mutants were analyzed. Bcl-2/L1 37A, results in exposure of its BH3 domain. Given that Bcl-2
a BH3 binding pocket mutant that retained killing activity has been shown to have proapoptotic phenotypes in a
in the presence of Nur77/ADBD, interacted with BcI-XL variety of contexts, it will be interesting to explore in the
and Bak only when Nur77/ADBD was coexpressed. In future whether Nur77 serves as the mediator of this
contrast, binding of BcI-XL and Bak to the Bcl-2/Y1 08K phenotypic conversion versus other Bcl-2 binding pro-
BH3 domain mutant was unaffected by coexpression of teins that may await discovery.
Nur77 (Figures 7D and 7E). Thus, Nur77 binding may Our mutagenesis studies indicate that the loop region
result in altered association of Bcl-2 with other Bcl-2 located between the BH4 and BH3 domains of Bcl-2 is
family members. Moreover, the observation that Bcl-2/ required for Nur77 binding. Previous studies (Chang et
Li 37A, but not Bcl-2/Y1 08K, was capable of killing cells al., 1997) demonstrated that the loop regions of Bcl-2
in collaboration with Nur77/ADBD (Figure 61) suggests and BcI-XL act as an autoinhibitory domain that reduces
that exposure of the BH3 domain of Bcl-2 may be re- the antiapoptotic function of Bcl-2 and Bcl-XL. Our data
sponsible for the conversion of Bcl-2 to a proapo- suggest that this conserved loop segment found in the
ptotic molecule, vertebrate orthologs of Bcl-2 and BcI-XL may also partic-

The above data suggest that Bcl-2, upon Nur77 bind- ipate in converting the phenotype of Bcl-2 from a protec-
ing, induces apoptosis through its BH3 domain. BH3- tor to a killer of cells. Intriguingly, deletion of the loop
only proteins exert their apoptotic effects through either region of Bcl-2 blocks paclitaxel-induced apoptosis (Sri-
Bax or Bak. We therefore examined the involvement of vastava et al., 1999), thereby suggesting the requirement
Bax and Bak in Bcl-2-dependent apoptosis induced by of the loop region for the apoptotic effect of certain
Nur77. Coexpression of Nur77/ADBD and Bcl-2 resulted anticancer drugs. Though controversial, paclitaxel may
in a similar degree of apoptosis in HCT116 cells and also bind directly to the Bcl-2 loop domain to exert its
HCT1 16 cells lacking Bax (HCT1 16 Bax I-) (Figure 7F), apoptotic effect (Rodi et al., 1999). For Bcl-XL, deamida-
suggesting that expression of Bax is not crucial. This tion of residues in its loop region is associated with
was also supported by the observation that H460 cells, down regulation of its antiapoptotic activity (Deverman
which underwent extensive apoptosis in response to et al., 2002). In another study, insulin receptor substrate
3-CI-AHPC (Supplemental Figure S1 available on Cell (IRS) protein binds to the Bcl-2 loop region, enhancing
website), expressed only trace levels of Bax (Figure 7G). rather than inhibiting its antiapoptotic function (Ueno

To determine whether Bak, which was highly ex- et al., 2000). It would be interesting therefore to study
pressed in H460 cells (Figure 7G), plays a role in Bcl-2- whether Nur77 and IRS compete for binding to Bcl-2,
dependent apoptosis induced by Nur77, we examined exhibiting opposing effects on apoptosis.
the effects of suppressing endogenous Bak expression. The Bcl-2 family members can be divided into two
Significant reductions of Bak protein were observed functional subgroups based on whether the BH3 domain
when H460 cells were transfected with Bak siRNA but is available (Gross et al., 1999). Members with buried
not control siRNA(Figure 7H), correlating with significant BH3 domains are antiapoptotic, while members having
repression of Nur77-dependent 3-CI-AHPC-induced an exposed BH3 domain are proapoptotic. Our analysis

Nur77/ADBD in HEK293T cells. Lysates were immunoprecipitated by anti-Bcl-2 antibody, and immunoprecipitates examined by immunoblotting
using anti-Myc or anti-Bcl-2 antibody.
(F) Absence of Bax does not impair the apoptotic effect of Nur77/ADBD. Nur77/ADBD and Bcl-2 alone and together were transfected into

HCT116 cells (+/-) and HCT116 cells lacking Bax (-/-). After 36 hr, apoptotic cells were determined as in Figure 5D.
(G) Expression of Bax and Bak in cancer cell lines. Cell extracts prepared from the indicated cancer cell lines were analyzed for Bax and Bak
expression by immunoblotting.
(H) Inhibition of Bak expression by Bak siRNA in H460 lung cancer cells. H460 cells were transfected with Bak siRNA or control GFP siRNA.

After 48 hr, cell lysates were assayed by immunoblotting using anti-Bak antibody.
(I and J) Inhibition of endogenous Bak expression suppresses 3-CI-AHPC-induced apoptosis. H460 cells were transfected with Bak siRNA or

control GFP siRNA. After 36 hr, cells were treated with 3-Cl-AHPC (10 6 M) for 24 hr. Apoptosis was determined by DAPI staining (I) and
scored (J) as in Figures 5C and 5D.



Cell
538

using epitope-specific anti-Bcl-2 antibodies revealed been seen during clinical progression of lymphomas
that Bcl-2 undergoes a conformational change upon (Tanaka et al., 1992), suggesting the possibility of es-
Nur77 binding. Given that Nur77/ADBD binding reduced cape from the conversion mechanism in some types of
epitope availability for an anti-Bcl-2 antibody to the BH3 cancer. Importantly, the discovery of a mechanism for
binding pocket and enhanced the epitope availability converting Bcl-2 from a protector to a killer might be
for an antibody to the BH3-domain (Figures 7A-7C), it exploited eventually for developing anticancer drugs
is likely that Nur77 binding induces a rearrangement of that turn overexpression of endogenous Bcl-2, which
the Bcl-2 hydrophobic crevice, resulting in exposure of occurs in approximately half of all human malignancies,
the otherwise hidden BH3 domain. Such a notion is into an advantage that promotes tumor cell apoptosis.
supported by our findings that the Bcl-2/L1 37A mutant
exhibited enhanced binding to Bak or Bcl-XL upon Experimental Procedures

Nur77/ADBD coexpression, while the Bcl-2 BH3 domain
mutant (Bcl-2/Y108K) failed to show such a response (SeeSupplemental Dataavailableon Cellwebsitefordetailed proce-
(Figures 7D-7E). Based on the observation that Bcl-2 dures)
can associate with Bak in Nur77-overexpressing cells, Bcl-2 siRNAs and Antisense Oligonucleotides
we speculate that Nur77-converted Bcl-2 may similarly The target siRNA SMARTpools for Bcl-2 and Bak and the siRNA
function as an agonist of Bak, in addition to an antago- oligonucleotide for Nur77 (5'-CAG UCC AGC CAU GCU CCU dTdT)
nist of Bcl-XL. Future mutagenesis studies will help to were purchased from Dharmacon Research Inc. They were trans-
determine whether this hypothesis is correct. However, fected into cells according to the manufacturer's recommendations.
it is noteworthy that of the 15 known BH3-only proteins Bcl-2 antisense oligonucleotide targeting Bcl-2 and negative control
in humans and mice, Bid and Bim are the only members oligonucleotides were obtained from Calbiochem.

that are capable of binding and activating proapoptotic Nur77/Bcl-2 Interaction Assays
Bcl-2-family proteins Bax and Bak (Korsmeyer et al., Reportergeneand GST pull-down assays were described previously
2000; Marani et al., 2002), suggesting a possible role for (Li at al., 2000; Wu et al., 1997). For the mammalian two-hybrid
Bcl-2 when converted to a BH3-displaying killer, assays, pcDNA-GaI4TAD-Nur77, pcDNA-Gal4TAD-Nur77/ADBD,

Caspase-mediated cleavage within the loop domain pcDNA-Gal4DBD-Bcl-2/ATM, and pcDNA-Gal4DBD-RXRct were
of Bcl-2 converts it into a proapoptotic molecule (Cheng cloned and used. For Co-IP assays, HEK293T cells were transiently
et al., 1997; Grandgirard et al., 1998). However, we do transfected with various expression plasmids in the presence of

caspase inhibitors (zVAD-fmk) to prevent degradation of Nur77 pro-not believe that the Nur77-mediated conversion of Bcl-2 tein due to apoptosis. Antibodies used are: monoclonal mouse anti-
from a protector to a killer involves cleavage of the GFP (Medical and Biological Laboratories), monoclonal mouse anti-
protein, because we observed no hints of Bcl-2 cleavage HA (Roche Molecular Biochemicals), monoclonal mouse anti-FLAG
in Nur77 overexpressing cells by immunoblotting, and (Sigma), monoclonal mouse anti-Myc (Santa Cruz), polyclonal rabbit
because a mutant of Bcl-2, in which the caspase cleav- anti-Nur77 (Active Motif), or monoclonal mouse anti-Bcl-2 (Santa
age site has been mutated (Asp34), remains functional Cruz).
in collaborating with Nur77 to induce apoptosis although Isolation and Transfection of Human Peripheral
with reduced activity (Supplemental Figure S5 available Blood Lymphocytes (PBLs)
on Cellwebsite). Since caspase-mediated or experimen- PBLs were isolated from leukocyte-enriched buffy coats from San
tal removal of the BH4 domain converts Bcl-2 into a Diego Blood Bank by centrifuging on Ficoll-paque Plus (Amersham
killer, it is conceivable that the BH4 domain of Bcl-2 Pharmacia Biotech). The mononuclear cells were cultured in RPMI
functions as an inhibitory domain to prevent the expo- containing 10% FBS and 20 mM HEPES. Freshly isolated cells (101
sure of the BH3 domain. Three-dimensional structure of cells) were transfected using the human T Cell Nucleofector solution
Bcl-2 reveals an extensive interaction between the BH4 (Amaxa Biosystems) as per the procedure recommended by the

domain and the hydrophobic groove (Petros et al., 2001). manufacturer.
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ABSTRACT

Retinoid X receptor (RXR) plays a central role in the regulation of intracellular receptor
signaling pathways by acting as a ubiquitous heterodimerization partner of many nuclear
receptors, including the orphan receptor Nur77 (also known as TR3 or NGFI-B), which
translocates from the nucleus to mitochondria, where it interacts with Bcl-2 to induce apoptosis.
Here, we report that RXRct is required for nuclear export and mitochondrial targeting of Nur77
through their unique heterodimerization that is mediated by dimerization interfaces located in
their DNA-binding domain. The effects of RXRx are attributed to a putative nuclear export
sequence (NES) present in its carboxyl terminal region. RXRct ligands suppress NES activity by
inducing RXRct homodimerization or altering RXRct/Nur77 heterodimerization. The RXRa
NES is also silenced by RXRa heterodimerization with retinoic acid receptor (RAR) or vitamin
D receptor (VDR). Consistently, we show that the mitochondrial targeting of the RXRcL/Nur77
heterodimer and its induction of apoptosis are potently inhibited by RXR ligands. Together, our
results reveal a novel nongenotropic function of RXRc and its involvement in the regulation of
the Nur77-dependent apoptotic pathway.
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INTRODUCTION

Retinoid X receptors (RXRs) belong to the nuclear receptor superfamily, consisting of a
large number of ligand-regulated transcription factors that mediate the diverse physiological
functions of their ligands, such as steroid hormones, retinoids, thyroid hormone, and vitamin D3,
in embryonic development, growth, differentiation, apoptosis, and homeostasis (29, 46). The
superfamily also includes many orphan receptors whose ligands remain to be identified. All
nuclear receptors consist of three major domains: the variable length N-terminal domain, the
well-conserved DNA-binding domain (DBD) and the ligand-binding domain (LBD) (29, 46).
The C-terminal LBD is multifunctional and, in addition to harboring a ligand binding site,
contains regions for receptor dimerization and ligand-dependent transactivation function (AF-2).
The DBD also contains a dimerization interface that determines target gene specificity (38, 55,
60, 85). RXRs mediate retinoid signaling through the RXR/retinoic acid receptor (RAR)
heterodimer and the RXR/RXR homodimer (29, 46, 90). In addition, RXRs form heterodimers
with many members of the subfamily 1 nuclear receptors, including vitamin D receptor (VDR),
peroxisome proliferator-activated receptor (PPAR), and thyroid hormone receptor (TR), as well
as several orphan receptors, such as liver X receptor (LXR), pregnane X receptor (PXR),
constitutively activated receptor (CAR), and Nur77 (TR3 or NGFI-B) (29, 46). RXRs, therefore,
play an essential role in the regulation of multiple nuclear hormone-signaling pathways through
their unique and potent dimerization capacity. The vitamin A metabolite, 9-cis-retinoic acid (9-
cis-RA), is a high-affinity ligand for RXRs (23, 39). It induces transactivation of the RXR
homodimer (1, 29, 46, 89) and certain RXR heterodimers, such as the RXR/Nur77 heterodimer
(17, 54).

Heterodimerization of RXR with its partners dramatically enhance their DNA binding
and subsequently transcriptional regulation (29, 46, 90). On binding DNA, some nuclear
receptors repress transcription of target genes through their interaction with transcriptional
corepressors in the absence of ligands. Ligand binding by a transcriptional agonist causes a
conformational change of receptors, allowing dissociation of transcriptional corepressors and
association of transcriptional coactivators (80). In addition to DNA binding and interaction with
receptor co-factors, recent studies suggest that subcellular distribution of RXR and its
dimerization partners represents another mechanism that regulates their transcriptional activity.
Despite being localized in the nucleus in many cell types, RXR (13, 27) and its partners,
including RARs (13). TRs (3, 7, 93), VDR (57, 58) and NGFI-B/TR3/Nur77 (30, 40), were
found in the cytoplasm in certain cell types and stages during development. Interestingly, RXR
heterodimerization promotes nuclear localization of TR (3) and VDR (57).

Orphan receptor Nur77 (8, 21, 51) is an immediate-early response gene whose expression
is rapidly induced by a variety of extracellular stimuli, including growth factors, the phorbol
ester TPA and cAMP-dependent pathways. Nur77 and its closely related family members, Not-I
(also called NurrI and RNR-1) (36, 45) and NOR-I (also called MINOR and TEC) (22, 52),
constitute a distinct subfamily within the nuclear receptor superfamily (29, 46, 48). Nur77 was
originally recognized for its role in cell proliferation and differentiation. Paradoxically, Nur77
was later found to be a potent pro-apoptotic molecule (47, 73, 84, 87). The expression of Nur77
was rapidly induced during the apoptosis of immature thymocytes and T-cell hybridomas as well
as various types of cancer cells (25, 26, 28, 40, 41, 44, 62, 66, 74, 78). Overexpression of a
dominant-negative Nur77 protein or inhibition of Nur77 expression by antisense Nur77 inhibited
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apoptosis, whereas constitutive expression of Nur77 resulted in massive apoptosis (40, 41, 44,
66, 69, 74, 75).

Nur77 can function in the nucleus as a transcription factor to regulate the gene expression
necessary to alter the cellular phenotype in response to various stimuli. Consistently, Nur77
response elements (NBRE or NurRE) have been identified (56, 72). In addition to its
heterodimerization with RXR (17, 54), Nur77 can interact with the orphan receptor COUP-TF
(77) that binds to the retinoic acid receptor 03 (RARP3) promoter and is required for efficient
RARO expression (42). Through its interaction with RXR and COUP-TF, Nur77 can modulate
RARI3 expression and the growth response of cells to retinoids (9, 77). Interestingly, the
EWS/TEC (Nor-i) fusion protein generated by the t(9;22) chromosomal translocation in
extraskeletal myxoid chondrosarcoma is about 270-fold more active than the native receptor in
activating a reporter containing the NBRE (34, 35). This result suggests that the cancer-
associated TEC (Nor-i) fusion receptor exerts its oncogenic activity by inducing the expression
of target genes involved in cell proliferation. Thus, Nur77 may confer its growth-promoting
activities through its action in the nucleus. This is supported by our recent observation that
DNA binding and transactivation of Nur77 are required for its induction of cell proliferation (31).

Recent studies have demonstrated that Nur77 can also act outside the nucleus to mediate
several important biological functions, including apoptosis and differentiation. Nur77, in
response to apoptotic stimuli, translocates from the nucleus to the cytoplasm where it targets
mitochondria to induce cytochrome c release and apoptosis (40). Our investigation of this
phenomenon demonstrated that the pro-apoptotic effect of Nur77 does not require its
transcriptional activity and DNA binding. Furthermore, Nur77 targets mitochondria through its
interaction with Bcl-2, resulting in conversion of Bcl-2 from an anti-apoptotic to a pro-apoptotic
molecule (43). Nur77 targets mitochondria in prostate cancer (40, 71), lung cancer (11, 31),
colon cancer (71), ovarian cancer (25), and gastric cancer (28, 79) cells, and its mitochondrial
localization is involved in Sindbis virus-induced apoptosis (37). The cytoplasmic action of
Nur77 was also demonstrated by the translocation of NGFI-B from the nucleus to the cytoplasm
in response to nerve growth factor (NGF) treatment in PC12 phaeochromocytoma cells,
suggesting that the cytoplasmic action of NGFI-B is involved in NGF-induced PC12 cell
differentiation (30). Thus, the diverse biological activities of Nur77 depend on its subcellular
localization. The importance of TR3 pathways in regulating cancer cell growth is supported by
the positive correlation between Nor-i expression and survival in diffuse large B-cell lymphoma
patients on chemotherapy (63)and a recent observation that TR3 is one of the 17-gene signature
associated with metastasis of primary solid tumors (59).

Because Nur77 heterodimerizes with RXRa, we investigated the role of RXRci and its
ligands in the regulation of the Nur77-dependent apoptotic pathway. Here, we report that RXRcx
migrates from the nucleus to mitochondria as a RXRax/Nur77 heterodimer in response to
apoptotic stimuli. The migration is mediated by a putative nuclear export sequence (NES)
present in the LBD of RXRct. The RXRa NES is active in the RXRct/Nur77 heterodimer
formed through dimerization interfaces in their DBDs. Interestingly, in the presence of RXRu
ligands, RXRcd/Nur77 heterodimer is formed through dimerization interfaces in their LBD. Such
a RXRct ligand-induced switch of RXRcU/Nur77 heterodimerization interfaces silences the
RXRa NES. Consistently, RXRa ligands effectively inhibit the mitochondrial targeting of the
RXRx/Nur77 heterodimer and apoptosis. Together, our results demonstrate that RXRoX and its
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ligands plays a critical role in the regulation of the Nur77-dependent apoptotic pathway through
their heterodimerization.

MATERIALS AND METHODS
Plasmid constructs. The construction of GFP-RXRcz and Nur77 fusion as well as GFP-

Nur77/ADBD and GFP-Nur77/A1 has been described (40). GFP-RXRct and GFP-Nur77 mutants
were generated by cloning RXRa or Nur77 mutants into pGFP-N2 or pGFP-C2 vector
(Clontech, USA). RXRcx and Nur77 mutants, were generated by standard restriction enzyme
digestion or amplified by polymerase chain reaction (PCR). The following oligonucleotides
were used as primers: GAA GAT CTT CGA CAC CAA ACA TTT CCT GCC GCT C
(upstream) and CGG AAT TCC GGC AGG CCT AAG TCA TTT GGT GCG G (downstream)
for RXRa; CGG AAT TCC GTC GAG AGC CCC TTG GAG TCA GGG (downstream) for
RXRox/385; CGG AAT TCC GCA AAG ATG GCG CCC ACC CCT GCG C (downstream) for
RXRox/347; CCG GAA TTC CGG GAT GTG CTT GGT GAA GGA AGC (downstream) for
RXRoc/135; GAA GAT CTT CAC CAG CAG CGC CAA CGA GGA CAT G (upstream) and
CGG AAT TCC GGC AGG CCT AAG TCA TTT GGT GCG G (downstream) for RXRW/C1;
5'-CGG GAT CCC GGT GCG CCA TCT GCG GGG ACC GC-3' (upstream) and 5'-CGG AAT
TCG ACC CGC TTG TCA ATC AGG CAG TC-3' (downstream) for RXRxJ/182; 5'-CGG AAT
TCG ACC ATG CCC ATG GCC ACG CAC TTC-3' (downstream) for RXRoW/200; 5'-CGG
AAT TCG ACG CCA CGC TGC CGC TCC TCC TG-3' (downstram) for RXRaX/212; 5'-GAA
GAT CTT CAT GCC CTG TAT CCA AGC CCA ATA TG-3' (upstream) and 5'-CGG AAT
TCC GGC ACC AAG TCC TCC AGC TTG AGG TAG-3' (downstream) for Nur77; 5'-CGG
AAT TCC GGT AGC ACC AGG CCT GAG CAG AAG ATG-3' (downstream) for Nur77/467;
5'-CGG AAT TCC GCG GAG AGC AGG TCG TAG AAC TGC TG (downstream) for
Nur77/410; 5'-CGG AAT TCG CCC ACC GCC AGG CAC TTC TGG-3' (downstream) for
Nur77/332; 5'-CGG AAT TCC GCT CCA CTG TGC GCT TGA AGA AGC CCT G-3'
(downstream) for Nur77/296 ; 5'-CGG AAT TCC GGC AGG CCT TCG TAA GTC TGG CTG
GGC (downstream) for Nur77/170. 5'-GAA GAT CTT CAT GGC CCT GTC CTC CAG TGG
CTC TGA C-3' (upstream) for Nur77/A2. 5'-GAA GAT CTT CTC CGG TTC TCT GGA GGT
CAT CCG C-3' (upstream) and 5'-CGG AAT TCC AGC ACC AGG CCT GAG CAG AAG
ATG-3' (downstream) for Nur77/AC2, 5'-GAA GAT CTT CAT GGG CCT GGT GCT ACA
CCG GCT G-3' (upstream) and 5'-CGG AAT TCC GGC ACC AAG TCC TCC AGC TTG
AGG TAG-3' (downstream) for Nur77/AC3. BamH I and EcoRI fragment (324-462), BamH I
and Stul fragment (324-402) and Bgl II and BamHI fragment (1-235) of RXRct were cloned into
pGFP-C2 to generate GFP-RXRct/C2, GFP-RXRct/C3 and GFP-RXRcd/235, respectively. Nur77
or RXRa mutants were also cloned into pcDNA3, pECE-Flag or pCMV-myc vector. For NES-
RXRa, 5'-GAT CTT CAG GGT GCT GAC GGA GCT TGT GTC CAA GAT GCG GGA CAT
GCA GAT GGA CAA GAC GGA GCT GGG CG-3' and AAT TCG CCC AGC TCC GTC TTG
TCC ATC TGC ATG TCC CGC ATC TTG GAC ACA AGC TCC GTC AGC ACC CTG AA-
3' were annealed and ligated into pGFP-C2. NESm-RXRc. was generated with Quickchange
site-directed mutagenesis kit (Stratagene) using primers 5'-AAG GCA CGG GAC GCA CAG
ATG GAC AAG-3' and CTG TGC GTC CCG TGC CTT GGA CAC AAG-3'. RXRu/LLL
was described previously (91). Bcl-2 expression vector and antibody were kindly provided by
Dr. John C. Reed at our Institute.

RXRa siRNA. Small interfering RNAs (siRNAs) used in the experiments were obtained
from Dharmacon Research Inc. The following siRNA sequence were used: RXRct siRNA, 5'
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-AAG CAC UAU GGA GUG UAC AGC-3', 5'-GCU GUA CAC UCC AUA GUG CUU-3'. A
2.5 gl aliquot of 20 pgmol/L siRNA/per well was transfected into cells grown in 12-well plates by
using oligofectamine reagent (Invitrogen) according to manufacturer's recommendations. Two
days after transfection the cells were harvested for Western blotting or performed for
immunostaining.

Cell culture. LNCaP prostate cancer cells and H460 lung cancer cells were maintained
in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). CV-1 cells and
HEK293T embryonic kidney cells were grown in DME medium supplemented with 10% FBS.

Protein-protein interaction assays. GST-pull-down and gel shift assays have been
described previously (77, 88). For GST-pull-down assay, GST and GST-fusion proteins were
expressed in E. coli BL21 and purified using glutathione-agarose affinity chromatography. The
GST-fusion proteins were analyzed on 10% sodium dodecyl sulfate (SDS)-PAGE gels for
integrity. 35S-methionine labeled RXRcc or Nur77 were produced by TNT-coupled transcription-
translation system (Promega) and visualized by SDS-PAGE. In vitro binding assays were
performed with glutathione-agarose beads (20 p.l) coated with 10 pgg of GST-fusion protein and
2-5 lpl of 35S-methionine-labelled protein in 200 of binding buffer (20 mM HEPES, pH 7.9, 100
mM KCI, 1 mM MgCI, 10 p.M ZnCI 2 2 mM DTT, 10% Glycerol, 0.05% Triton X-100 40
pgg/ml Leupeptin). The reaction was allowed to proceed overnight at 40C with rocking. Beads
were then collected by centrifugation and washed five times with 1 ml of NETN buffer (100 mM
NaCI, 1 mM EDTA, 20 mM Tris-HCI, pH 8.0, 0.5% NP-40, 40 pgg/ml Leupeptin). The beads
were resuspended in 20 lpl SDS PAGE sample buffer, boiled for 5 min. The eluted proteins were
loaded in SDS-PAGE gel, dried and autoradiographed at -70 0C. For Co-immunoprecipitation
assay, HEK 293T cells grown in 10-cm dish were transfected with 7.5 pgg Flag-tagged TR3 and
7.5 jig GFP-tagged RXRa/385. Transfected HEK 293T cells were lysed in 300 g]1 of TAE buffer
(10 mM Tris-HCI pH 8.0, 10 mM NaC1, 10 mM EDTA, 1% NP-40, containing protease
inhibitors (Sigma). Lysate (300 gl) was incubated with 2 jIg of anti-Flag monocolonal antibody
(M2, Sigma) at 40C for 2h. Immuno-complexes were then precipitated with 40 pl. of protein
A/G-sepharose (Santa Cruz). After extensive washing with TAE buffer, beads were boiled in 40
l.1 loading buffer and analyzed by Western blotting. Mouse IgG (Santa Cruz) was used as

negative control.
Non-denaturing gel electrophoresis. Nuclear and cytoplasmic fractions of HEK293T

cells expressing GFP-RXRcU/C1 treated with or without 9-cis-RA were prepared and separated
on a 8% non-denaturing Tris-Glycine Gel (Invitrogen) followed by immunoblotting.

Confocal microscopy. Cells were seeded on the chamber slides overnight and treated
with apoptotic agents in medium containing 0.5% FBS. After treatments cells were fixed in 4%
paraformaldehyde in PBS for 10 min and washed twice with PBS. Cells were then
permeabilized with 1% triton X- 100 in PBS for 5 min. Fixed cells were pre-incubated for 30
min PBS containing 5% BSA at room temperature. Cells were stained with polyclonal anti-
RXRcx antibody (1:500 dilution) (D20, Santa Cruz) or monoclonal anti-Nur77 antibody (1:500
dilution)(Abgent) before detection of TITC-labeled anti-rabbit IgG (1:500 dilution)(Sigma). For
mitochondrial staining, cells were incubated with anti-Hsp60 Goat IgG (1:500 dilution)(Santa
Cruz), followed by anti-goat IgG conjugated with Cy3 (1:1000 dilution)(Sigma). For
cytochrome c staining, cells were incubated with monoclonal anti-cytochrome c IgG (1:300
dilution)(Pharmingen), followed by anti-mouse IgG conjugated with Cy5 (1:500
dilution)(Amersham). For staining transfected protein, 1 jtg of Myc-tagged TR3, Flag-tagged
RXRax, or Bcl-2 was transfected into HEK293T cells grown in chamber slides in 6-well plates
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overnight and treated with apoptotic agents. After treatment, cells were fixed and incubated with
monoclonal anti-Myc IgG antibody (1:300 dilution)(9E10, Santa Cruz), followed by FITC-
conjugated anti-mouse IgG (1:500 dilution)(Sigma) or Cy3 conjugated anti-mouse IgG (1:1000
dilution)(Sigma). For Bcl-2 staining, cells were incubated with polyclonal anti-Bcl-2 antibody
(67), followed by Cy5-conjugated goat anti-rabbit antibody (1:500 dilution)(Sigma).

Cell fractionation. Subcellular fractionation was performed as described with minor
modifications (40). Briefly, cells (1 x 10 cells) suspended in 0.5 ml hypotonic buffer (250 mM
sucrose, 20 mM HEPES-KOH, pH 7.4, 10 mM KC1, 10 mM MgC12, 0.5 mM EGTA, 1.5 mM
EDTA, pH 8.0, and 1 mM DTT) with proteinase inhibitors were homogenized, and cell extracts
were centrifuged at 800 x g for 10 minutes. The pellet containing nuclei was resuspended in 200
gl 1.6 M sucrose in hypotonic buffer plus protease inhibitors and laid over 1 ml 2.0 M sucrose in
the same buffer, then centrifuged at 150,000 x g for 90 minutes at 4°C to obtain the nuclear
fraction. The supernatant was centrifuged at 10,000 x g for 30 minutes at 4°C to obtain the HM
and cytosolic fractions. Nuclear and HM fractions were resuspended in 100 l.1 lysis buffer (10
mM Tris, pH 7.4, 150 mM NaC1, 1% Triton X-100, 5 mM EDTA, pH 8.0) with a cocktail of
proteinase inhibitors for Western blotting analysis as described (40).

Transient transfection assays. Cells (1 x 10' cells/well) seeded in 24-well plates were
transiently transfected using a modified calcium phosphate precipitation procedure, as described
(42). For GFP studies, 1 pgg of GFP or GFP constructs were transfected into cells seeded in 6-
well plates by calcium phosphate precipitation.

Apoptosis assays. For TdT assay, cells were treated with or without indicated agents
overnight after pretreatment of RXRa ligand 9-cis-RA or SRI 1237 for 12 hours, trypsinized
washed with PBS and fixed in 1% formaldelyde and then resuspended in 70% ice-cold ethyl
alcohol. Cells were then labeled with biotin-16-deocyuridine 5' triphosphate by terminal
deoxynucleotidyltransferase and stained with avidinfluorescein isothiocyanante (Boehringer
Mannheim). For nuclear morphological change analysis, LNCaP cells were trypsinized, washed
with PBS, fixed with 3.7% paraformaldehyde, and stained with DAPI (4,6-diamidino-2-
phenylindole) (50 ptg/ml) to visualize nuclei by fluorescent microscopy.

Western blotting. Cell lysates were boiled in SDS sample buffer, resolved by SDS-
polyacrylamide gel electrophoresis (12.5% polyacrylamide), and transferred to nitrocellulose.
After transfer, the membranes were blocked in 5% milk in TBST (10 mM Tris-HCI, pH.8.0, 150
mM NaCl, 0.05% Tween 20) containing antibody. The membranes were then washed three
times with TBST, then incubated for 1 h at room temperature in TBST containing horseradish
peroxide-linked anti-immunoglobulin. After 3 washes in TBST, immunoreactive products were
detected by chemiluminescence with an enhanced chemiluminescence system (ECL,
Amersham). Anti-GFP antibody was purchased from Santa Cruz Bio.

RESULTS

RXRa targets mitochondria in response to apoptotic stimuli. Nur77 migrates from
the nucleus to mitochondria to induce apoptosis in response to certain apoptotic stimuli (11, 25,
31, 37, 40, 71, 78). Since RXRax heterodimerizes with Nur77 (17, 54), we studied whether
RXRa also targeted mitochondria. Subcellular localization of RXRa in LNCaP prostate cancer
cells in the absence or presence of TPA, which potently induces LNCaP cell apoptosis (40), was
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examined by confocal microscopy analysis. Immunostaining showed that RXRcc predominantly
localized in the nucleus in the absence of TPA treatment (Fig.1A). However, when cells were
treated with TPA, RXRax was found in the cytoplasm. To study whether RXRox was associated
with mitochondria, cells were stained for heat shock protein 60 (Hsp60), a mitochondria-specific
protein (Fig. 1A). The extensive overlap in the distribution patterns of Hsp60 and RXRa
suggested the association of RXRQx with mitochondria. Similarly, treatment with TPA also
resulted in mitochondrial localization of Nur77 (Fig. 1B), as previously reported (40). The
enhanced staining of Nur77 in TPA-treated cells was due to induction of endogenous Nur77
expression by TPA. Thus, RXRa and Nur77 associate with mitochondria in LNCaP cells
undergoing apoptosis.

RXRa and Nur77 mitochondrial targeting are mutually dependent. To study
whether Nur77 and RXRct targeted mitochondria as a heterodimer, subcellular localization of
Nur77 and RXRcx was examined in LNCaP cells treated with or without TPA. In the absence of
TPA, both Nur77 and RXRa resided mainly in the nucleus (Fig. IC). However, when cells were
treated with TPA, Nur77 and RXRo: were colocalized in the cytoplasm and their distribution
patterns overlaid extensively (Fig. IC), suggesting their association in the cytoplasm. We also
examined whether transfected RXRcc and Nur77 targeted mitochondria in response to apoptosis
induction. When expression vectors for RXRot and Nur77 were transfected into LNCaP cells,
the expressed RXRca and Nur77 resided in the nucleus. However, when cells were treated with
3-Cl-AHPC, a apoptosis-inducing retinoid (92) both RXRcc and Nur77 were found in the
cytoplasm and their distributions overlaid (Fig. 1D). It is noteworthy that we have consistently
observed that endogenous RXRcc and Nur77 targeted mitochondria with much higher efficiency
than the transfected receptors, suggesting the possible involvement of other protein factors in
their targeting. We next determined whether RXRa cytoplasmic localization depended on
Nur77 expression by examining its subcellular localization in LNCaP cells stably expressing
Nur77 antisense RNA (40). Expression of Nur77 antisense RNA strongly inhibited TPA-
induced Nur77 expression in LNCaP cells (40). In contrast to that observed in wild-type LNCaP
cells (Fig. IA), RXRo: was found only in the nucleus in the Nur77 antisense stable clone, even
though the cells were treated with TPA (Fig. 1E). To study whether Nur77 mitochondrial
targeting required RXRa, we used the siRNA approach (15) to inhibit RXRa expression in
LNCaP cells, then examined the subcellular localization of Nur77. Transfection of LNCaP cells
with RXRo: siRNA strongly reduced RXRct protein levels (Fig. IF). In cells transfected with
RXRox siRNA, Nur77 was mainly confined in the nucleus despite TPA treatment (Fig. IF).
Thus, cytoplasmic localization of Nur77 and RXRcx is mutually dependent. We previously
reported that Nur77 having its N-terminus deleted (Nur77/Al) acted as a dominant-negative
mutant, which inhibited Nur77 mitochondrial targeting and apoptosis (40). Therefore, we
examined whether Nur77/A1 also interfered with RXRzx mitochondrial targeting. GFP-
Nur77/A1 was transfected into LNCaP cells, which were then treated with TPA. RXRat
immunostaining showed that RXRa was confined to the nucleus in cells transfected with GFP-
Nur77/A1 in the absence or presence of TPA treatment (Fig. 1G). Thus, Nur77/A1 retained
RXRax in the nucleus probably through their heterodimerization and the Nur77 N-terminal
sequences are important for the TPA effect. It is noteworthy that the N-terminus of Nur77 is
enriched with Serine, Threonine, and Tyrosine residues, suggesting the potential regulation of
Nur77 activity by phosphorylation. To determine whether mitochondrial targeting of RXRcx and
Nur77 was specific to LNCaP cells and to the TPA treatment, we treated H460 lung cancer cells
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with 3-C1-AHPC that potently induced the apoptosis of lung cancer cells (data not shown).
Similar to LNCaP cells, treatment of H460 cells with 3-Cl-AHPC resulted in extensive targeting
of RXRax and Nur77 to mitochondria (Fig. 1H).

To further characterize the mitochondrial targeting of RXRa and Nur77, we conducted a
time-course analysis of their targeting in LNCaP cells treated with TPA (Fig. 2A).
Immunoblotting of mitochondria-enriched heavy membrane (HM) fractions showed that both
RXRct and Nur77 began to be associated with mitochondria as early as 1 hour after cells were
treated with the apoptotic stimulus. This result is consistent with our previous observation
showing that Nur77 targeted mitochondria after LNCaP cells were treated with TPA for 1 hour
(40). The simultaneous targeting of RXRct and Nur77 to mitochondria again suggested that they
targeted mitochondria as a heterodimer. We previously reported that mitochondrial targeting of
Nur77 initiated the release of cytochrome c from mitochondria (40). Consistently, we observed
significant amounts of cytochrome c in the cytosolic fractions after LNCaP cells were treated
with TPA for 1.5 hours. These results indicate that mitochondrial targeting of RXRa and Nur77
precedes the release of cytochrome c, further demonstrating the role of Nur77/RXRct
mitochondrial targeting in triggering cytochrome c release. The requirement of RXRa in Nur77-
dependent apoptosis is also illustrated by our observation that inhibition of RXRct expression by
the expression of RXRa siRNA diminished the apoptotic effect of TPA in LNCaP cells (Fig.
2B). Similar results were also obtained in H460 lung cancer cells treated with 3-Cl-AHPC (Fig.
2C).

Subcellular localization of RXRc and Nur77 mutants. Previous studies showed that
the cytoplasmic localization of NGFI-B and RXR was mediated through a CRMl-dependent
nuclear export process (30). To study whether the translocation of the RXRcdLNur77 heterodimer
from the nucleus to the cytoplasm is mediated through this process, we examined the effect of
leptomycin B (LMB), an inhibitor of CRMl-dependent nuclear export (33). Treatment of
LNCaP cells with LMB completely blocked TPA-induced cytoplasmic localization of both
Nur77 and RXRo (Fig. 3A). This result suggests that the nuclear export of the RXRa/Nur77
heterodimer during apoptosis is mediated by a CRM1-dependent mechanism, similar to that
observed for the RXR/NGFI-B heterodimer (30). To identify the putative nuclear export
sequence (NES) responsible for the nuclear export of RXRu/Nur77 heterodimer, various Nur77
and RXRct mutants were constructed (Fig.3B) and fused to green fluorescent protein (GFP). The
fusions were then transfected into HEK293T cells, and their cellular localization was examined
by confocal microscopy (Fig. 3C). HEK293T cells were used for these studies because of their
high transfection efficiency. GFP was equally distributed in both the nucleus and cytoplasm of
HEK293T cells, indicating the absence of nuclear localization signal (NLS) and NES. GFP-
Nur77 and GFP-RXRct, however, were found predominantly in the nucleus. The RXRa and
Nur77 mutants with only the A/B domain, RXRWx/135 and Nur77/170, were diffusely distributed
in both the nucleus and cytoplasm. However, mutants that contain the A/B, C, and D domains
and a portion of the E domain, RXRa/235, RXRcx/347, Nur77/467 and Nur77/410, were
confined to the nucleus, with the exception of RXRct/385 (see below). The nuclear localization
of these mutants may reflect the presence of NLS in the DNA-binding domain (DBD) of the
receptors (12). Indeed, a NLS was identified in the DBD of RXRa (57). Consistently, deletion
of the DBD from Nur77 resulted in a mutant (Nur77/ADBD) that exclusively localized in the
cytoplasm. Interestingly, C-terminus mutants of RXRct or Nur77, RXRa/C1, RXRcL/C2,
RXRo/C3, Nur77/AC2, and Nur77/AC3, were found predominantly in the cytoplasm.
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Identification of a putative NES in RXRo. A previous study (30) demonstrated that
the C-terminal half of Nur77 contains several NES sequences. To determine whether the
cytoplasmic localization of the RXRa C-terminal-domain mutants was mediated by a CRM1-
dependent mechanism, the effect of LMB on their cellular localization was examined (Fig. 4A).
RXRcL/C3 and RXRax/C2 accumulated exclusively in the cytoplasm of HEK293T cells.
However, treatment with LMB resulted in their diffuse distribution (compare Fig. 3C and Fig.
4A). The inhibitory effect of LMB on the cytoplasmic localization of RXRcd/C3 was further
confirmed by immunoblotting of nuclear and cytoplasmic fractions prepared from HEK293T
cells transfected with GFP-RXRWx/C3. While GFP was equally distributed in both nuclear and
cytoplasmic fractions (Fig. 4B), which is consistent with our confocal microscopy results (Fig.
3C), GFP-RXRa/C3 was only found in the cytoplasm (Fig. 4B). The exclusive cytoplasmic
presence of GFP-RXRcuC3 was prevented when cells were treated with LMB (Fig. 4C). Our
results are consistent with a previous observation that mutation of the RXRc NLS resulted in its
predominant cytoplasmic localization (57) and suggest that RXRWx/C3 contains an active NES.

The CRM1-dependent nuclear export is mediated by a Leu-rich NES (70). Inspection of
RXR/C3 revealed the presence of a methionine-rich sequence, which had significant homology
to previously identified NESs (Fig. 4D). To determine whether the RXRct sequence represented
a putative NES, the DNA sequence representing the RXRct amino acids 348-368 was fused to
GFP. The resulting GFP fusion, GFP-NES, was transfected into HEK293T cells. As shown in
Fig. 4E, the GFP-NES protein was found exclusively in the cytoplasm, while the fusion was
diffusely distributed in cells in the presence of LMB. Furthermore, replacing Met357 and
Met360 in the NES with Ala (Fig. 4D) largely abolished its nuclear export activity (Fig. 4E).
Thus, the RXRa amino acids 348-368 sequence represents a putative NES. This conclusion is
also supported by our observation that GFP-RXRuJ385 was exclusively localized in the
cytoplasm, whereas removal of amino acid residues 348-385 from the mutant abolished its
cytoplasmic localization, as indicated by the nuclear localization of GFP-RXRa/347 (Fig. 3C).
To determine the role of the RXRct NES in mediating the nuclear export of Nur77 and RXRa,
both Met357 and Met360 in full-length RXRcc were replaced with Ala. The resulting mutant,
RXRc'NESm, was cotransfected with Nur77 into LNCaP cells. Unlike RXRct and Nur77,
which targeted mitochondria in response to 3-CI-AHPC treatment (Fig. 1D), both RXRuINESm
and Nur77 remained in the nucleus despite 3-Cl-AHPC treatment (Fig. 4F). Thus, the RXRcC
NES is required for apoptosis-induced nuclear export of the RXRcVNur77 heterodimer.

Our observation that RXRcc/385 was exclusively confined to the cytoplasm even in the
absence of an apoptotic stimulus (Fig. 3C) was intriguing since this mutant contains both the
NLS and NES. This result suggests that removal of the C-terminal sequences (amino acid
residues 386 to 462) strongly activates the RXRa NES and/or silences its NLS. To determine
whether the superactivation of RXRcx NES in RXRcd/385 could confer cytoplasmic localization
to Nur77, RXRcd/385 was cotransfected into HEK293T cells with Nur77 or its mutant Nur77/A 1
or Nur77/467, all of which alone resided in the nucleus (Fig. 3C). Our data showed that
coexpression of RXRax/385 with Nur77 or either mutant resulted in their colocalization in the
cytoplasm (Fig. 4G). The extensive colocalization of RXR(t/385 with Nur77, Nur77/467, or
Nur77/A1 suggests that they comigrated to the cytoplasm as a heterodimer. Thus, RXRdJ385
was able to shuttle Nur77 to the cytoplasm. In contrast, Nur77/AC3 could not confer its
cytoplasmic localization to RXRct when they were coexpressed (Fig. 4G). Thus, the RXRa NES
plays a critical role in the nuclear export of the RXRct/Nur77 heterodimer.
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Role of Bcl-2 in RXRa mitochondrial targeting. We recently reported that TR3
mitochondrial targeting requires its interaction with Bcl-2 (43). Therefore, we examined whether
Bcl-2 expression modulated RXRct mitochondrial targeting. GFP-RXRct/385 was cotransfecteol
with Bcl-2, and their distribution patterns were visualized by confocal microscopy. Fig. 5A
shows that expression of Bcl-2 did not alter the diffuse distribution of GFP-RXRc/385.
However, when Nur77 was cotransfected, GFP-RXRcx/385 colocalized with both Nur77 and Bcl-
2, as evidenced by punctate staining. This result indicated that Bcl-2 interacted with Nur77 but
not RXRct. The requirement of Nur77 and Bcl-2 for RXR mitochondrial targeting was also
illustrated by our cellular fractionation assay (Fig. 5B). GFP-RXRcd/385 expressed in HEK293T
cells did not show any accumulation in the mitochondria-enriched heavy membrane (HM)
fraction in the absence or presence of Bcl-2 coexpression. However, when Nur77/A2, a Nur77
mutant lacking the N-terminal 122 amino acid residues, was coexpressed, significant amount of
GFP-RXRc/385 was found in the HM fraction, while its cytosolic level decreased (Fig. 5B).
Together, these results demonstrate that mitochondrial targeting of RXRa requires both Nur77
and Bcl-2 and that the RXRct/Nur77 heterodimer interacts with Bcl-2.

Mitochondrial targeting and apoptotic effect of RXRa and Nur77 mutants. To study
the role of cytoplasmic mutants of Nur77 and RXRax in apoptosis, GFP-RXRox/C1, GFP-
RXRWx/385, GFP-Nur77/AC3, and GFP-Nur77/ADBD were transfected into LNCaP cells. Cells
were then analyzed for nuclear morphological changes by DAPI staining (Fig. 6A).
Interestingly, cells transfected with the Nur77 mutants exhibited extensive nuclear fragmentation
and condensation, which are characteristics of apoptotic cells. In contrast, cells transfected with
the RXRct mutants displayed normal nuclear morphology. Consistently, expression of
Nur77/ADBD in LNCaP cells targeted mitochondria and triggered extensive cytochrome c
release, while expression of RXR/C1 did not (Fig. 6B). The mitochondrial targeting of
Nur77/ADBD in LNCaP cells but not in HEK293T cells likely reflects the expression of Bcl-2 in
LNCaP cells but not in HEK293T cells (data not shown). Thus, the cytoplasmic Nur77 mutants
are capable of targeting mitochondria and inducing cytochrome c release and apoptosis in
LNCaP cells, whereas the RXRa mutants are not. These results suggest that RXRa may mainly
act as a helper factor to facilitate the translocation of Nur77 from the nucleus to the cytoplasm.

Regulation of the RXRa NES activity by ligand binding and RXRa
homodimerization. To determine whether RXRcc ligands inhibited RXRa NES activity through
their induction of RXRct dimerization (89, 91), we first examined their effects on the
cytoplasmic accumulation of RXRW/C1 in HEK293T cells. Treatment of GFP-RXRct/C1-
transfected cells with RXRct ligand 9-cis-RA or SR 11237 resulted in the diffuse distribution of
RXRct/C1 throughout the cells, whereas treatment with the RAR ligand trans-RA and RARc
subtype-selective Am80 produced no such effect (Fig. 7A). The inhibitory effect of the RXR
ligands on the cytoplasmic accumulation of RXRc/C1 was confirmed by immunoblotting
analysis (Fig. 7B), which showed an equal distribution of GFP-RXRW/C1 in both cytoplasmic
and nuclear fractions after cells were treated with 9-cis-RA or SRI 1237 but not with RARct
ligand Am80. In contrast, GFP-RXRcx/C1 was only found in the cytoplasm in nontreated cells.

We next examined the cellular distribution of GFP-RXRu./C1 expressed in HEK293T
cells in the absence or presence of 9-cis-RA by nondenaturing polyacrylamide gel
electrophoresis (PAGE). As is shown in Fig. 7C, GFP-RXRax/C1 was found only as a monomer
in the cytoplasmic fraction. After cells were treated with 9-cis-RA, the monomeric form of GFP-
RXRt/CC1 in the cytoplasmic fraction disappeared, and only the homodimeric form was detected
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only in the nuclear fraction. These studies demonstrate that monomeric RXRa exists in the
cytoplasm, while liganded-homodimeric RXRa is in the nucleus. Thus, RXR ligands 9-cis-RA
and SRI 1237 inhibit RXRct nuclear export probably by inducing RXRct homodimerization. We
also analyzed the subcellular localization of two RXRac mutants, RXRWx/385, which lacks the
major homodimerization domain, and RXRcL/LLL, which has Leu418, Leu420, and Leu430 in
helix 10 replaced with Ala and fails to homodimerize in response to 9-cis-RA (91).
Interestingly, both homodimerization-defective RXRax mutants were exclusively localized in the
cytoplasm regardless of the presence of 9-cis-RA (Fig. 7D). We also used another RXRa
mutant, RXRax/Cl/C432A, to study the role of ligand in the regulation of RXRct subcellular
localization. Cys432 is involved in the formation of RXRcx ligand-binding pocket and primarily
responsible for the shorter length of this L-shaped pocket compared to the linear RAR I-shaped
pocket (14). Replacing Cys432 with Ala (RXRct/C1/C432A) impaired homodimerization in
response to 9-cis-RA (data not shown). RXR/Cl/C432A expressed in HEK293T cells was
stained exclusively in the cytoplasm despite 9-cis-RA treatment (Fig. 7D). Together, these data
demonstrate that subcellular localization of RXRa depends on its dimerization status and that
homodimerization suppresses RXRa nuclear export.

Regulation of RXRa NES activity by heterodimerization. Heterodimerization of
RXRa with other receptors, such as RAR and VDR, is required for their efficient DNA binding
and transactivation (29, 46, 90). Therefore, we analyzed the subcellular localization of
RXRorVDR and RXRca/RAR heterodimers. GFP-RXRax was transfected alone or with either
VDR (Fig. 8A) or RARac (Fig. 8B) into HEK293T cells. Without cotransfection, GFP-RXRa
was distributed in both the cytoplasm and nucleus. However, on cotransfection of VDR or
RARa, the cytoplasmic localization of GFP-RXRa was completely abolished and the levels of
nuclear GFP-RXRax increased. Treatment of cells with the VDR ligand lcx,25-dihydroxyvitamin
D3 or the RAR ligand trans-RA did not further modulate the cellular distribution of cotransfected
GFP-RXRct. The inhibitory effect of VDR was also examined by studying the subcellular
localization of RXRW/C1 in the absence or presence of VDR coexpression. In the absence of
VDR, RXRcL/C1 exclusively localized in the cytoplasm of HEK293T cells. However, when
VDR was cotransfected, RXRa/C1 was confined to the nucleus and its distribution pattern
overlaid with that of VDR. Again, addition of lct,25-dihydroxyvitamin D3 had no effect on
localization of both VDR and RXRat/C1 (Fig. 8C). Together, these results demonstrate that
heterodimerization of RXRax with RAR and VDR suppresses RXRaX NES activity in a ligand-
independent manner.

Unique RXRa heterodimerization with Nur77. The above data demonstrate that
RXRa NES activity was suppressed upon RXRax homodimerization and RXRo:
heterodimerization with VDR and RAR. Ironically, RXRct was required for the cytoplasmic
localization of Nur77 through their heterodimerization. One possible explanation is that the
RXRct/Nur77 heterodimer may be different from other RXRa heterodimers. Three types of
RXR heterodimers have been described (29, 46). In some heterodimers, such as the RXR/VDR,
RXR is a completely silent partner. In others, such as the RXR/RAR, RXR is a conditionally
silent partner. In contrast, RXR acts as a fully active and competent partner of heterodimers with
certain orphan receptors, such as Nur77 (17, 54). Heterodimerization of RXRct with RARa in
solution largely depends on their dimerization interfaces localized in their LBD and has been
mapped to a region in the carboxyl-terminus, corresponding to helices 9 and 10 in the canonical
nuclear receptor LBD structure (6, 14, 18, 19). Results of studies on RXR/Nur77
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heterodimerization that indicated different interaction modalities depending on systems and
approaches (2, 61, 68) suggest that RXR and Nur77 may interact differently under different
conditions. Our finding that RXRax/385 was able to shuttle Nur77/467 from the nucleus to the
cytoplasm (Fig. 4G) suggests that RXRcz may utilize regions other than the LBD C-terminus for
binding Nur77. This possibility was studied by GST pull-down assays. Full-length RXRa was
pulled-down by either GST-Nur77 or GST-RARox (Fig. 9A), whereas RXRax/385 was only
pulled-down by GST-Nur77 but not by GST-RARox. Thus, in solution the RXRax C-terminus is
required for its interaction with RARa but not with Nur77. Similarly, as Nur77/467 was
effectively pulled-down by GST-RXRa (Fig. 9B), the Nur77 C-terminus was also dispensable
for interaction with RXRcx in solution. The interaction between RXRa/385 and Nur77 was also
revealed by in vivo co-immunoprecipitation, which showed the efficient precipitation of GFP-
RXRox/385 by anti-Flag antibody when Flag-Nur77 was coexpressed in HEK293T cells (Fig.
9C). In the reporter gene assays, both RXRoc/385 and RXRcz similarly inhibited the
transactivation of Nur77 homodimer activity in the absence of 9-cis-RA (Fig. 9D). Addition of
9-cis-RA slightly enhanced the inhibitory effect of RXRax but not RXRa/385. The RXRax DBD
also contains a dimerization interface (38, 55, 60, 85). To determine whether the dimerization
interfaces in the DBDs of RXRct and Nur77 are involved in their heterodimerization in solution,
several RXRc and Nur77 mutants were constructed (Fig. 9E), and analyzed for their interaction.
The RXRcc DBD alone (RXRu/135-200) was as efficient as the whole length RXRax in pulling
down Nur77/467. Removal of the C-terminal portion from the RXRaX DBD completely
abolished its interaction with Nur77/467 (Fig. 9F). Similarly, Nur77 deleted with the D-E/F
domains (Nur77/332) retained the ability to bind RXRa, while further deletion of the C-terminal
portion from the Nur77 DBD completely abolished its ability to bind RXRat. Together, these
results demonstrate that the dimerization interfaces in the DBDs of RXRax and Nur77 are mainly
responsible for their interaction in solution.

Modulation of RXROINur77 heterodimerization by RXR ligands. The RXR/Nur77
heterodimer binds and activates DNA sequences consisting of AGGTCA or like motifs arranged
as a direct repeat with a 5-bp spacing (the DR-5 response element) (17, 54, 76). To characterize
RXRU/Nur77 heterodimerization on DNA, gel-shift assays were conducted using the IPRARE, a
DR-5 element, as a probe (Fig. 10A). In vitro synthesized Nur77 and RXRct bound to the
PRARE as a heterodimer (Fig. 10A), as reported previously (76, 77). However, when
Nur77/467, which heterodimerizes with RXRa in solution (Fig. 9B), was incubated with RXRct,
we did not detect any heterodimeric complex binding to the j3RARE (Fig. 10A). Similarly,
coincubation of RXRoL/385 and Nur77 did not result in formation of a stable heterodimer on the
P3RARE (Fig. 10A). Thus, the C-termini of both Nur77 and RXRax are required for the formation
of a stable RXRaIfNur77 heterodimer complex on the I3RARE. This finding is also supported by
our analysis of Nur77 mutants for their transactivation activity on the NurRE and P3RARE (Fig.
10B). Removal of the Nur77 C-terminus did not affect its transactivation on NurRE as Nur77
and Nur77/467 similarly activated the NurRE (Fig. 10B). These results are consistent with
recent reports that the major transactivation function of Nur77 is located in its N-terminus (68).
In contrast, Nur77/467 failed to activate the [PRARE on cotransfection with RXRox in either the
absence or presence of RXR ligand SRI 1237, while cotransfection of full-length Nur77 and
RXRax strongly activated the PIRARE in response to SR11237 (Fig. 10B). The lack of
transactivation activity displayed by Nur77/467 is likely a reflection of its inability to form
P3RARE bound heterodimers with RXRct (Fig. 10A).
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To determine how RXR ligands influenced RXRx/Nur77 heterodimer binding to the
O3RARE, RXRct protein was exposed to its ligand SRI 1237 or 9-cis-RA prior to incubation with
Nur77. Although the RXRa/Nur77 heterodimer bound to the ORARE in the absence of an RXR
ligand, the addition of SRI 1237 or 9-cis-RA strongly enhanced binding by the heterodimer (Fig.
10C). These data suggest that RXRc/Nur77 heterodimers in solution may be incompetent for
DNA binding and that RXR ligand binding may induce a C-terminal-stabilized heterodimer
conformation that favors DNA binding. To address the possibility that an RXR ligand can
modulate the RXRc/Nur77 heterodimerization interface, we used GST pull-down assays to
study the effect of 9-cis-RA on the interaction between Nur77/467 and RXRcc (Fig. 1OD).
Incubation of GST-RXRa with 9-cis-RA strongly reduced the ability of GST-RXRa to interact
with Nur77/467, suggesting that 9-cis-RA binding may mask or alter a putative dimerization
interface required for RXRc binding to Nur77 in solution. In comparison, the addition of 9-cis-
RA did not affect the binding of RXRca/385 to GST-Nur77. Thus, the dimerization interface for
the formation of the RXRaJNur77 heterodimer in solution is different from that required for the
formation of the DNA-bound heterodimer and is regulated by RXR ligand binding.

RXRa mitochondrial localization is inhibited by RXRa ligands. Inhibition of RXRu
mitochondrial localization by its ligands was demonstrated by immunoblotting HM fractions
from LNCaP cells. The accumulation of RXRct in the HM fraction after cells were treated with
TPA or an analog of AHPN/CD437 (SRi 1453) (40) was inhibited by pretreatment with 9-cis-RA
(Fig. 11A). Similar to its effect on RXRx, mitochondrial accumulation of Nur77 was also
abolished by 9-cis-RA pretreatment (Fig. 1 A). The observation that 9-cis-RA inhibited Nur77
mitochondrial targeting further suggests the role of RXRcL in the regulation of Nur77
mitochondrial targeting.

Since RXRct comigrated with Nur77 from the nucleus to mitochondria in cells
undergoing apoptosis, we investigated the effect of 9-cis-RA on cytochrome c release and
apoptosis. Treatment of LNCaP cells with TPA induced the massive release of cytochrome c
from mitochondria, as revealed by cytochrome c staining, which was diffusely distributed (Fig.
I IB). However, on pretreatment with 9-cis-RA, cytochrome c staining was only detected in the
mitochondria, as its distribution colocalized with that of Hsp60. LNCaP cells were also
transfected with GFP-Nur77 to monitor the effect of 9-cis-RA on Nur77 mitochondrial targeting
(Fig. 1 lB). TPA-induced cytochrome c release was accompanied with the mitochondrial
localization of transfected GFP-Nur77. However, when cells were pretreated with 9-cis-RA,
GFP-Nur77 was confined in the nucleus and cytochrome c release was inhibited (Fig. 1 IB).
These data further demonstrate the role of Nur77 mitochondrial targeting in the induction of
cytochrome c release and the inhibitory effect of RXR ligands on Nur77-dependent apoptosis.
The inhibition of cytochrome c release by 9-cis-RA was further revealed by immunoblotting of
cytosolic fractions prepared from LNCaP cells treated with TPA or the AHPN analog SRI 1453
(Fig. 1 IC). In the absence of 9-cis-RA, significant cytoplasmic cytochrome c was detected in
treated cells, whereas pre-exposure of cells to 9-cis-RA prevented cytochrome c release (Fig.
1 IC). We also examined the effects of RAR and VDR ligands on mitochondrial localization of
RXRa and Nur77 and cytochrome c release in LNCaP cells treated with 3-Cl-AHPC. Unlike the
inhibitory effect of RXR ligand, treatment of LNCaP cells, which express RARs and VDR, with
either RAR ligand Am80 or VDR ligand had no effect on 3-C1-AHPC-induced mitochondrial
localization of RXRct and Nur77 and cytochrome c release (Fig. 11D), in agreement with our co-
transfection results (Fig. 8). Consistent with their effects on cytochrome c release, 9-cis-RA and
SR11237 strongly antagonized the effect of SR11453 on mitochondrial membrane potential
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change (Fig. 11E) and apoptosis of LNCaP cells revealed by DAPI staining (Fig. 1 IF) and the
TdT assay (Fig. 11 G). Thus, 9-cis-RA inhibits cytochrome c release and apoptosis in LNCaP
cells by preventing nuclear export of the RXRL/Nur77 heterodimer.

DISCUSSION
We previously reported that Nur77 translocated from the nucleus to the cytoplasm where

it targeted mitochondria to induce apoptosis (40). Our results presented here demonstrate that
the translocation of Nur77 requires its heterodimerization with RXRox. This is illustrated by our
observations that Nur77 and RXRx colocalized in the cytoplasm (Fig. IC) and they targeted
mitochondria simultaneously in LNCaP prostate cancer cells (Fig. 2). In addition, their
mitochondrial targeting depended on their coexpression (Fig. 1). Moreover, expression of
cytoplasmic RXRca mutant RXRWx/385 conferred cytoplasmic localization to Nur77 (Fig. 4G),
while overexpression of Nur77/A1 retained RXRct in the nucleus (Fig. 1G). These results are
consistent with our observation that Nur77 mitochondrial targeting and its induction of
cytochrome c release and apoptosis were suppressed by RXR ligands (Fig. 11). The
translocation of the RXRax/Nur77 heterodimer from the nucleus to mitochondria is a rapid
process, occurring one hour after cells are exposed to an apoptotic stimulus, and precedes the
release of cytochrome c from mitochondria (Fig. 2). These results agree with our previous
observation (40) and are consistent with the notion that the mitochondrial targeting of
RXRa/Nur77 triggers apoptosis. Apoptosis induction by Nur77 mitochondrial targeting occurs
in different types of cancer cells (11, 25, 28, 31, 37, 40, 43, 71, 79). Our results demonstrated
that RXRct was also required for Nur77 translocation in H460 lung cancer cells (Fig. 1H, Fig.
2C). Thus, it is likely that RXRa and its ligands play a critical role in regulating Nur77-
dependent apoptosis in various cancer cells.

We recently reported that Nur77 mitochondrial targeting is mediated through its
interaction with Bcl-2, which mainly resides on the mitochondrial outer membrane (43).
Consistently, Nur77 mutants, such as Nur77/ADBD, targeted mitochondria in LNCaP cells (Fig.
6B), which express Bcl-2, but not in HEK293T cells (Fig. 3C), which do not. Interestingly,
mitochondrial targeting by RXRo occurred in HEK293T cells only when both Nur77 and Bcl-2
were coexpressed (Figs. 5A-B), while expression of Bcl-2 alone did not result in RXRCa
mitochondrial targeting. Transfection of Nur77 mutants, but not RXRct mutants, in LNCaP cells
targeted mitochondria and induced apoptosis (Figs. 6A-B). These results suggest that RXRoa
does not interact with Bcl-2 rather functions as a shuttling protein in the Nur77-dependent
apoptotic pathway.

The migration of RXRct/Nur77 heterodimers from the nucleus to the cytoplasm is
CRM1-dependent. By extensive' mutational analysis, we have identified a NES in the
RXRax LBD that is required for the efficient nuclear export of RXRa and RXRoJNur77
heterodimers (Fig. 7). A recent study suggested that NGFI-B has several NESs that are required
for RXR/NGFI-B nuclear export in PC12 cells (30). The fact that RXRct also possesses a NES,
which alone is capable of translocating GFP from the nucleus to the cytoplasm, offers an
explanation for the efficient nuclear export of the RXRcc/Nur77 heterodimer.

One unique property of the RXRx NES is that it lies in helix 7 of the RXR LBD, which
undergoes an unusual conformational changes upon homodimerization, homotetramerization,
and heterodimerization with RAR and PPAR (6, 18, 19). The RXRcx helix 7 is an ux-helix
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structure in the RXRa monomer (5). However, in the context of RXRa dimer, tetramer, or
heterodimer with PPARy or RAR, a 7t-helix is formed due to the presence of a glutamic acid
residue (E352) in the middle of the helix 7 (6, 18, 19). The transformation of helical geometry in
the region, where the RXRc NES lies in, suggests that RXRa NES activity is subject to
regulation by RXRa homodimerization and heterodimerization. Indeed, subcellular localization
of RXRa is highly regulated by its dimerization. This finding is clearly illustrated by our
analysis of RXRa distribution patterns using nondenaturing PAGE (Fig. 7C) that shows that
RXRcL/C1 existed as a monomer in the cytoplasm but in response to 9-cis-RA resided as a
homodimer in the nucleus. RXRax mutants unable to homodimerize predominantly resided in the
cytoplasm (Fig. 7D). Heterodimerization with certain nuclear receptors, including RARaC and
VDR, also suppressed RXR NES activity (Fig. 8). Thus, the RXRo: NES is active in the RXRct
monomer but is silenced by RXRo: homodimerization and certain heterodimerizations. Such a
conformational-change-mediated regulation of RXRa NES activity represents a unique
regulatory mechanism that dictates subcellular localization of various RXRix homodimers and
heterodimers, ultimately allowing efficient transcriptional regulation by RXRcx homodimers and
certain RXRa heterodimers. Our results are consistent with previous observations that RXRs
play a critical role in determining nuclear localization of TR (3) and VDR (57, 58) through their
heterodimerization.

Very intriguingly, heterodimers formed by RXRa and VDR or RAR reside in the
nucleus, whereas RXRct/Nur77 is found in the cytoplasm when cells were treated with apoptotic
stimuli (Fig. 1). Our results demonstrate that nuclear export of the RXRoL/Nur77 heterodimer is
due to its unique heterodimerization in solution (Figs. 9 and 10). RXR possesses two
dimerization interfaces, which are located in the DBD and the LBD (55, 86). The strong
dimerization interface in the LBD enables RXR homodimerization and heterodimerization with
certain receptors, such as RAR and VDR in solution. In contrast, the weak dimerization
interface in the DBD does not allow the formation of the RXR homodimer or heterodimer with
RAR in the absence of a specific response element (60). Our data indicate that deletion of the
major dimerization interface from the RXRct LBD (RXRca/385) did not impair the interaction of
RXRot with Nur77 in solution, as revealed by an in vitro GST pull-down assay (Fig. 9A) and in
vivo Co-IP assay (Fig. 9C), although the deletion completely abolished RXRWL/385 interaction
with RAR (Fig. 9A). Similarly, deletion of the C-terminal sequence from Nur77 had no effect
on its interaction with RXRct (Fig. 9B). Our observation that the RXRct DBD alone was
sufficient to interact with Nur77 (Fig. 9F) demonstrated that the formation of the RXRcL/Nur77
heterodimer in solution is mediated by dimerization interfaces in their DBD. Given the fact that
the RXRoa NES is active in the RXRo: monomer conformation, we envision that the unique
RXRct/Nur77 heterodimer formed in solution through their DBD dimerization interfaces will
ensure that the RXRo NES is situated is its active conformation, resulting in their nuclear export.
This notion is consistent with our observation that RXRo:/385 is able to shuttle Nur77 to the
cytoplasm (Fig. 4G). Thus, the unique property of RXR dimerization interfaces allows cross-
talk among RXR heterodimerization partners with respect to their subcellular localization and
function (Fig. 8).

In contrast to their heterodimerization in solution, the C-terminal sequences of Nur77 and
RXRa are required for the efficient binding of RXRWx/Nur77 heterodimer to their specific
response element PRARE (Fig. 10A) and transactivation (Fig. 10B), as is found for the
RXR/RAR and RXR/TR heterodimers (88). Our observation that an RXR ligand can promote
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RXRa•Nur77 heterodimer binding to the PRARE (Fig. 10C) is interesting since RXR ligands
have not been previously shown to modulate DNA binding of other RXR heterodimers at least in
vitro (88). This finding suggests that ligand binding can modulate RXRct/Nur77 interaction to
favor DNA binding and transactivation. Such a modulation is reflected by the inhibition by 9-
cis-RA of the heterodimerization of RXRct with Nur77/467 in solution (Fig. 10D). Thus, the
induction of RXRcd/Nur77 heterodimer DNA binding and transactivation by 9-cis-RA is
associated with its inhibition of their DBD-mediated dimerization. It is tempting to speculate
that ligand binding allows RXRct to interact with Nur77 through their LBD dimerization
interfaces, which may silence the RXRc NES, as does RXR/VDR or RXR/RAR
heterodimerization (Fig. 8). Thus, the nuclear export of the RXRcdNur77 heterodimer may be
suppressed by 9-cis-RA through its induction RXRQ homodimerization or modulation of
RXRc/Nur77 heterodimerization interfaces.

We found that RXR ligands 9-cis-RA and SRI 1237 effectively inhibited the release of
cytochrome c induced by TPA or SR 11453 in LNCaP cells (Fig. 11). As the inhibition was
accompanied by the prevention of Nur77 and RXRct mitochondrial targeting (Fig. 1 IB), we
suggest that RXR ligands suppress apoptosis by inhibiting mitochondrial targeting of
RXRaJNur77 heterodimer. The inhibitory effect of RXR ligands on apoptosis has been reported
previously (4, 30, 65, 81-83). 9-cis-RA is known to potently inhibit the activation-induced
apoptosis of T-cells and thymocytes (4, 30, 65, 81-83). The inhibitory effect of 9-cis-RA was
enhanced in T-cell hybridomas overexpressing RXRP, but attenuated in cells overexpressing
dominant negative RXRI3 (82). Our present study and the fact that Nur77 expression is
necessary for activation-induced T-cell apoptosis suggest that inhibition of activation-induced
apoptosis by RXR ligands may be mediated by their modulation of RXRcJNur77 heterodimer
activity.

RXRoL/Nur77 nuclear export is also regulated by apoptotic stimuli. Endogenously
expressed RXRa and Nur77 were found mainly in the nucleus (Fig. IA), but resided at
mitochondria after cells were treated with apoptotic stimuli (Fig. 1). How an apoptotic stimulus
activates RXRct NES activity remains unknown. Our observations that RXRa and Nur77
nuclear export is highly regulated by their heterodimerization point to the possibility that the
apoptotic stimulus may regulate an RXRct/Nur77 heterodimerization interface switch. This is
consistent with observations that Nur77 activities are highly regulated by phosphorylation status
(10, 16, 20, 24, 49, 53, 69) and many apoptotic stimuli act through various kinase pathways. Our
premise is also consistent with the recent observation that Akt, a potent anti-apoptotic kinase,
phosphorylates Nur77 (49, 53). Interestingly, the location of the Akt phosphorylation site in the
Nur77 C-terminal extension points to the possibility that Akt phosphorylation may modulate the
interaction of Nur77 with other proteins.

Different RXRct/Nur77 heterodimers may exist in a dynamic equilibrium depending on
their cellular environment. Under normal conditions, both the DBD and LBD dimerization
interfaces may participate in RXRcx/Nur77 heterodimer formation, so that the dimers exist in
both the nucleus and cytoplasm. In response to apoptotic stimuli, RXRaX and Nur77 may
preferentially heterodimerize through their DBD dimerization interfaces to activate the RXRa
NES, resulting in their cytoplasmic localization. In contrast, binding by RXR ligands may
induce a dimerization interface switch that silences the RXRca NES to ensure RXRct/Nur77
nuclear localization and efficient transcriptional regulation.

17



Evidence has been accumulating to demonstrate that many nuclear receptors act
nongenotropically to regulate important biological processes. The estrogen receptor (ER) and
androgen receptor modulate the Src/Shc/Erk-signaling pathway in a ligand-dependent manner to
regulate cell proliferation. These effects can be dissociated from their transcriptional activity
(32, 50). ER can also act outside the nucleus to activate phosphatidylinositol-3-OH kinase
activity in a ligand-dependent and transcriptional regulation-independent manner (64). The
results presented here demonstrate that RXRx also acts nongenotropically by migrating from the
nucleus to mitochondria to trigger cytochrome c release and apoptosis in response to apoptotic
stimuli. Thus, nongenotropic action appears to be an important mechanism by which nuclear
receptors exert their biological effects. Our identification of a putative RXRct NES in helix 7
reveals an interesting regulatory mechanism that dictates subcellular localization of RXRca and
its heterodimerization partners through ligands and dimerization. Our observation that RXR
ligands regulate apoptosis by modulating RXRctINur77 heterodimer nuclear export provides a
novel approach for developing RXR-based apoptosis regulators.
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FIGURE LEGENDS

FIG. 1. Nur77 and RXR comigrate from the nucleus to the cytoplasm. (A/B) RXRct (A) or
Nur77 (B) targets mitochondria in response to apoptotic stimulus. LNCaP prostate cancer cells
were treated with TPA (100 ng/ml) for 1 hr, then immunostained with either anti-RXRct (Santa
Cruz Biotechnology, Inc) (A) or anti-Nur77 (Active Motif) (B) antibody followed by Cy3-
conjugated secondary antibody (Sigma) to detect RXRct or Nur77 or with anti-Hsp60 (Santa
Cruz Biotechnology, Inc) followed by FITC-conjugated secondary antibody (Sigma) to detect
mitochondria. RXRct, Nur77 and mitochondria (Hsp60) were visualized using confocal
microscopy, and the images of RXRz or Nur77 with those of mitochondria were overlaid
(overlay). About 80% of cells displayed mitochondrial targeting of RXRaX and Nur77 when cells
were treated with TPA. One of three similar experiments is shown. (C) Nur77 and RXRct
comigrate from the nucleus to the cytoplasm. LNCaP cells were treated with or without TPA for
1 hr, then immunostained with anti-RXRa antibody followed by FITC-conjugated secondary
antibody, or with anti-Nur77 antibody (Abgent, San Diego) followed by Cy3-conjugated
secondary antibody. RXRa and Nur77 were visualized using confocal microscopy and the
images were overlaid (overlay). Approximately 80% of TPA-treated cells showed RXRcC co-
localization with Nur77. One of three similar experiments is shown. (D) 3-Cl-AHPC induces
mitochondrial localization of transfected RXRct and Nur77. Expression vectors for myc-Nur77
and RXRa were transfected into LNCaP cells. Cells were then treated with 3-CI-AHPC for 3 hr,
then immunostained with anti-myc antibody (9E10, Santa Cruz Biotechnology, Inc) followed by
FITC-conjugated secondary antibody, anti-RXRct antibody followed by Cy3-conjugated
secondary antibody or anti-Hsp60 antibody followed by Cy5-conjugated secondary antibody
(Tackson Immuno Res.). Myc-Nur77, RXRax, and Hsp60 were visualized and the images were
overlaid. Overlay 1 is the merge of myc-Nur77 and RXRa images, and Overlay 2 is the merge of
myc-Nur77, RXRct, and Hsp60 images. About 30% of transfected cells exhibited colocalization
presented. One of three similar experiments is shown. (E) Mitochondrial localization of RXRox is
Nur77 dependent. LNCaP cells or LNCaP cells stably expressing Nur77 antisense RNA
(Nur77/Antisense) (40) were treated with or without TPA for I hr, then immunostained with
anti-RXRc antibody followed by Cy3-conjugated secondary antibody. Approximately 70% of
cells displayed the effect presented. One of two similar experiments is shown. (F) Effect of RXR
siRNA on RXRcx levels and Nur77 localization. LNCaP cells were transfected with or without
RXRa siRNA or control siRNA for 72 hr. Cell extracts were prepared and analyzed for RXRcc
expression by Western blotting. Cells were also analyzed for subcellular localization of RXRoa
and Nur77 by confocal microscopy. One of two similar experiments is shown. (G) Nur77/A1
prevents RXRct mitochondrial targeting. LNCaP cells were transfected with the GFP-Nur77/A1
expression vector, then treated with TPA for 1 hr, and immunostained with anti-RXRct antibody.
RXRct and GFP-Nur77/A1 distributions were analyzed by confocal microscopy. About 80% of
non-transfected cells showed cytoplasmic localization of RXRa after treatment with TPA, while
more than 70% of cells transfected with GFP-Nur77/A1 showed RXRo: nuclear localization with
the same treatment. One of three similar experiments is shown. (H) 3-CI-AHPC induces
mitochondrial localization of RXRc and Nur77 in H460 lung cancer cells. H460 cells were
treated with 3-Cl-AHPC (106 M) for 3 hr, then immunostained with anti-RXRa antibody
followed by FITC-conjugated secondary antibody, anti-Nur77 followed by Cy3-conjugated
secondary antibody, or anti-Hsp60 antibody followed by Cy5-conjugated secondary antibody
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(Tackson Immuno Res.). RXRa, Nur77 and Hsp60 were visualized using confocal microscopy
and the images were overlaid. Overlayl represents the merge of RXRaC and Nur77 images.
Overlay2 indicates merged RXRax, Nur77 and Hsp60 images. Approximately 80% of 3-Cl-
AHPC-treated cells showed the patterns presented. One of three similar experiments is shown.

FIG. 2. Time-course analysis of mitochondrial targeting of RXRa and Nur77 and the
release of cytochrome c from mitochondria. (A) Time-course analysis of LNCaP cells in
response to TPA. Cells were treated with TPA (100 ng/ml) for the indicated times.
Mitochondria-enriched heavy-membrane (HM) and cytosolic fractions were prepared and
analyzed for the presence of RXRa, Nur77, and cytochrome c as indicated. As a control, the
whole cell extract was also analyzed. Expression of mitochondria-specific Hsp60 protein and
nucleus-specific PARP protein was determined to control the purity of HM fractions. One of
two similar experiments is shown. (B) Inhibition of RXRax expression suppresses the apoptotic
effect of TPA. LNCaP cells were transfected with RXRcL siRNA, followed by the treatment with
TPA (100 ng/ml) for 3 hr. Cells were stained with DAPI and analyzed for nuclear morphologic
changes. Apoptotic cells were scored by examining 300 cells for apoptotic morphology from
three different experiments. (C) Time-course analysis of H460 cells in response to 3-Cl-AHPC.
Cells were treated with 3-Cl-AHPC (10 6M) and analyzed as described in (A). One of two
similar experiments is shown.

FIG. 3. Mutagenic analysis of RXRa and Nur77. (A) Cytoplasmic localization of
RXRcd/Nur77 is mediated by CRMl-dependent nuclear export. LNCaP cells were treated with
TPA (100 ng/ml) in the absence (control) or presence of leptomycin B (LMB, 2.5 ng/ml)
(Sigma) and analyzed by confocal microscopy as described in Fig. 1C. About 80% cells showed
the cytoplasmic localization of RXRa and Nur77 after treatment with TPA, while more than
50% of cells showed nuclear localization of RXRa and Nur77 when pre-treated with LMB. One
of two similar experiments is shown. (B) Schematic representations of RXRa and Nur77
mutants. The DNA-binding domain (DBD), ligand-binding domain (LBD), and A-F domains
are indicated. (C) Confocal microscopy analysis of Nur77 and RXRa mutants. The indicated
plasmids were transfected into HEK293T cells and analyzed by confocal microscopy as
described in Fig. 1A. More than 90% of transfected cells showed diffused distribution of GFP
and GFP-RXRuJ135. Nuclear localization of GFP-RXRUx, RXRcz/235, and RXRct/347 was
found in 80%, 85%, and 60% of transfected cells, respectively. More than 90% of transfected
cells showed exclusive cytoplasmic localization of RXRct/385, RXRWVC2 and RXRWJC3, while
cytoplasmic localization of RXRWx/C1 was found in 70% of transfected cells. Nuclear
localization of GFP-Nur77 and its mutants, GFP-Nur77/A2, GFP-Nur77/A1, GFP-Nur77/467,
and GFP-Nur77/410 was found in more than 90% of transfected cells, while cytoplasmic
localization of GFP-Nur77/ADBD, cytoplasmic localization of GFP-Nur77/ADBD, GFP-
Nur77/AC2, and GFP-Nur77/AC3 was observed in 80%, 60% and 70% of transfected cells,
respectively. One of four similar experiments is shown.

FIG. 4. Identification of a nuclear export sequence in RXRa. (A) Effect of LMB on
subcellular localization of RXRct mutants. The indicated expression vector for GFP fusion
proteins was transfected into HEK293T cells and analyzed by confocal microscopy.
Approximately 70% of transfected cells displayed diffused distribution of RXRcc/C2 and
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RXRWC3 after treatment with LMB. One of four similar experiments is shown. (B) RXRa/C3
exclusively resides in the cytoplasm. GFP-RXRax/C3 was transfected into HEK293T cells, and
its localization was analyzed by cellular fractionation followed by western blotting using anti-
GFP antibody (Santa Cruz Bio. Inc.). One of three similar experiments is shown. (C) The effect
of LMB on subcellular localization of RXRcd/C3. RXRo:/C3 was transfected into HEK293T
cells, which were then treated with or without LMB (2.5 ng/ml) for 6 hr. Localization of
RXRa./C3 was analyzed as described in B. One of three similar experiments is shown. (D)
Schematic representation of the RXRa NES. The identified RXRax NES is compared with
known NESs identified in the indicated genes. The bold letters indicate conserved amino acid
residues. (E) The RXRax NES is capable of directing GFP to the cytoplasm. The putative
RXRax NES (RVLTELVSKMRDMQMDKTELG) or its mutant
(RVLTELVSKARDAQMDKTELG) (NESm) was fused to GFP, and the expression vectors
were transfected into HEK293T cells. Cells were treated with or without LMB for 6 hr, then
stained for Hsp60 and analyzed by confocal microscopy. Approximately 90% of GFP-NES
transfected cells exhibited cytoplasmic localization, while less than 20% of GFP-NESm-
transfected cells displayed the same cytoplasmic localization. One of three similar experiments
is shown. (F) Mutation of the RXRa NES impairs the 3-Cl-AHPC-induced mitochondrial
localization of RXRcx/Nur77 heterodimer. Myc-Nur77 was cotransfected with GFP-
RXRc,/NESm into LNCaP cells, which were then treated with 3-C1-AHPC (10-6 M) for 3 hr.
Cells were stained for Nur77 by anti-myc antibody and analyzed by the confocal microscopy.
About 90% of transfected cells showed nuclear localization of Myc-Nur77 and RXRctNESm,
even after treatment of 3-Cl-AHPC. (G) RXRax NES is required for cytoplasmic localization of
Nur77. The indicated expression vectors were cotransfected into HEK293T cells. Their
subcellular localization was analyzed by confocal microscopy as described in Fig. IA. Less
than 10% of transfected cells showed cytoplasmic localization of GFP-Nur77, Nur77/467 and
Nur77/A1, which was increased to 30%, 40% and 40% upon cotransfection with Flag-
RXRot/385, respectively. About 80% of transfected cells showed nuclear localization of Flag-
RXRcx, with or without Nur77/AC3 cotransfection. One of three similar experiments is shown.

FIG. 5. Mitochondrial targeting and apoptotic effects of cytoplasmic RXRa and Nur77
mutants. (A) Mitochondrial targeting of RXRct/385 in HEK293T cells requires Nur77 and Bcl-
2. Expression vectors of GFP-RXRcU/385 and Bcl-2 were transfected together with or without
myc-Nur77 vector into HEK293T cells. Cells were then immunostained with anti-myc antibody
(9E10, Santa Cruz Biotechnology Inc) followed by Cy3-conjugated secondary antibody, or with
anti-Bcl-2 antibody followed by Cy5-conjugated secondary antibody. GFP-RXRax/385, myc-
Nur77 and Bcl-2 were visualized by confocal microscopy. Overlay 1 represents the merger of the
GFP-RXRcd'385 and myc-Nur77 images, and Overlay2 is the merger of GFP-RXRcd385, myc-
Nur77 and Bcl-2 images. Approximately 70% of cells transfected with GFP-RXRWX/385 and
myc-Nur77 exhibited co-localization with Bcl-2, while less than 5% of cells transfected with
GFP-RXRc/385 alone showed co-localization with Bcl-2. (B) Accumulation of RXRcX/385 at
mitochondria in HEK293T cells requires both Nur77 and Bcl-2. Flag-RXRW/385, GFP-
Nur77/A2, and Bcl-2 were transfected into HEK293T cells as indicated. Heavy membrane (HM)
and cytosolic fractions were prepared and levels of Flag-RXRu/385, GFP-Nur77/A2, and Bcl-2
were determined by immunoblotting using anti-Flag (Sigma), anti-GFP, and anti-Bcl-2 antibody,
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respectively. For control, levels of Hsp60 and PARP were also determined. One of two similar
experiments is shown.

FIG. 6. Mitochondrial targeting and apoptosis effects of cytoplasmic RXRa and Nur77
mutants. (A). Cytoplasmic Nur77 mutants but not RXRa mutants induce apoptosis. The
indicated GFP-RXRa or GFP-Nur77 mutant was transfected into LNCaP cells. After 48 hr, cells
were stained by DAPI and analyzed for nuclear morphologic change by microscopy. Arrows
indicate cells with extensive nuclear condensation or fragmentation. Percentages of apoptotic
cells were determined by examining 200 GFP-positive cells for nuclear fragmentation and/or
chromatin condensation. Bars represent average ± means from 3 experiments. (B) Cytoplasmic
Nur77 mutant but not RXRz mutant induces cyt c release. GFP-Nur77/ADBD or GFP-RXRuJC1
expression vector was transfected into LNCaP cells. Cells were then stained for mitochondria
(Hsp60) and cyt c, and analyzed by confocal microscopy. Cyt c release was observed in 80% of
cells showing Nur77/ADBD mitochondrial targeting, while it was not found in cell transfected
with RXRc/C1. One of two similar experiments is shown.

FIG 7. Regulation of RXRa nuclear export by its ligands and homodimerization. (A/B)
Analysis of subcellular localization of RXRa/C1 in the absence or presence of retinoids. GFP-
RXRWxC1 was transfected into HEK293T cells, which were then treated with the indicated
retinoid, stained with Hsp60, and analyzed by confocal microscopy (A). The inhibitory effect of
RXR ligands on the cytoplasmic localization of RXRa/C 1 was observed in 80% of transfected
cells, while more than 90% of transfected cells failed to respond to RAR ligands. Nuclear and
cytoplasmic extracts were also prepared and analyzed for expression of GFP-RXRa/C1 by
Western blotting using anti-GFP antibody (B). One of three similar experiments is shown. (C)
RXRc/C1 dimerization status determines its subcellular localization. GFP-RXRcX/C1 was
transfected into HEK293T cells, which were not treated or treated with 9-cis-RA (10-7 M).
Nuclear and cytoplasmic extracts were prepared and analyzed by non-denaturing PAGE and anti-
GFP antibody. The same extracts were analyzed by denaturing PAGE for expression of PARP
and Hsp60 to ensure fraction purity. One of two similar experiments is shown. (D) Confocal
microscopy analysis of RXR homodimerization-defective mutants. GFP-RXRW.385, GFP-
RXRax/LLL or GFP-RXRx/Cl/C432A was transfected into HEK293T cells. Cells were treated
with or without 9-cis-RA (10-7 M) and analyzed by confocal microscopy. Approximately 80% of
transfected cells showed nuclear localization of GFP-RXRa, which was slightly increased to
85% after treatment of 9-cis-RA. Cytoplasmic localization of GFP-RXRoc/385 (90%), GFP-
RXRct/LLL (65%), GFP-RXRa/C1/C432 (85%) was not affected by 9-cis-RA treatment. One
of three similar experiments is shown.

FIG 8. Regulation of RXRa nuclear export by heterodimerization. (A) Regulation of RXR
nuclear export by VDR (A) and RARa (B). Expression vector for VDR (A) or RARa (B) was
transfected into HEK293T cells together with GFP-RXRa expression vector. Cells were then
treated with the indicated ligand, Vit D3 (107'M) or Am80 (10"6M). Nuclear and cytoplasmic
extracts were prepared and analyzed for expression of transfected GFP-RXRct by anti-GFP
antibody. Expression of transfected VDR or RARa was also determined. One of two similar
experiments is shown. (C) Confocal analysis of the effect of VDR expression on RXR
localization. The GFP-RXRc/C1 expression vector was transfected into HEK293T cells
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together with or without the VDR expression vector. Cells were then treated with VD 3 (10-7 M),
stained with anti-VDR antibody (Santa Cruz Biotechnology) followed by cy3-conjugated
secondary antibody (Sigma) and analyzed by confocal microscopy. About 70% of transfected
cells showed cytoplasmic localization of RXRoW/C1, while more than 80% of co-transfected cells
showed nuclear localization of RXRcL/C1 and VDR, which was not clearly enhanced by VD 3
treatment. One of three similar experiments is shown.

FIG. 9. C-termini of RXRa and Nur77 are not required for RXRa/Nur77 interaction in
solution. (A/B) GST-pull-down assays for determination of RXRcINur77 heterodimerization.
GST-Nur77, GST-RXRcc or GST control protein immobilized on glutathione-Sepharose (20 Al)
was incubated with in vitro synthesized 35S-labeled Nur77 or RXRox (5 Al) as indicated. Bound
proteins were analyzed by SDS-PAGE/autoradiography. One of three similar experiments is
shown. (C) Co-IP assay for Nur77 and RXRcx/385 interaction. Expression vectors for Flag
epitope tagged-Nur77 (Flag-Nur77) and GFP-RXRca/385 were cotransfected into HEK293T
cells. The expressed Flag-Nur77 and GFP-RXRcW/385 were then immunoprecipitated by using
either anti-Flag antibody or control IgG, and immunoprecipitates were examined by western
blotting using anti-GFP antibody. The same membranes were also blotted with anti-Flag
antibody to determine precipitation specificity and efficiency. Input represents 5% of total cell
extract used in the precipitation assays. One of two similar experiments is shown. (D) Reporter
gene assay. (NurRE) 2-tk-CAT (100 ng), 13-galactosidase (100 ng) and Nur77 (25 ng) expression
vectors were transiently transfected into HEK293T cells together with or without RXRca or
RXRc/385. Cells were treated with or without 9-cis-RA (10-7 M) as indicated. CAT activity
was determined and normalized relative to 13galactosidase (03-gal) activity. Bars represent
averages ± means from two different experiments. (E) Schematic representations of RXR0 and
Nur77 mutants. The DNA-binding domain (DBD), ligand-binding domain (LBD), and A-F
domains are indicated. (F) GST-pull-down assays for determination of RXRaJ/Nur77
heterodimerization. The indicated GST-RXRax, its mutants or GST control protein was
immobilized on glutathione-Sepharose (20 l1) and incubated with in vitro synthesized 35S-
labeled Nur77 or its mutants (5 Al) as indicated. Bound proteins were analyzed by SDS-
PAGE/autoradiography. One of three similar experiments is shown.

FIG 10. 9-cis-RA modulates RXRoL/Nur77 heterodimerization and promotes DNA binding.
(A) The C-terminal domains of Nur77 and RXRcc are required for the formation of
RXRcc/Nur77 heterodimer on DNA. The indicated Nur77, RXRa or their mutants were
synthesized in vitro and analyzed for binding to the P3RARE by gel-shift assays. One of three
similar experiments is shown. (B) Differential requirement of the Nur77 C-terminus for
transactivation of the Nur77 response element NurRE and the I3RARE. (NurRE)2-tk-CAT (100
ng) or P3RARE-tk-CAT(100 ng), 3-gal expression vector (100 ng) and the expression vector for
Nur77 or a Nur77 mutant (20 ng) were transiently transfected into HEK293T cells with or
without the RXRa expression vector. CAT activity was determined and normalized relative
to 13gal activity. One of three similar experiments is shown. (C) Effect of RXR ligands on
binding of RXRa-Nur77 heterodimers to the 13RARE. Equivalent amounts of in vitro
synthesized Nur77 and RXRcx were incubated alone or together with or without RXR ligand
SR11237 and analyzed by gel-retardation assays using the O3RARE as a probe. One of two
similar experiments is shown. (D) RXR ligand modulates RXRaJNur77 heterodimerization in
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solution. GST-pull-down assays for determination of RXRW/Nur77 heterodimerization. The
indicated GST fusions immobilized on glutathione-Sepharose (20 A1) was incubated with in vitro
synthesized 35S-labeled receptor protein (5 A1) as indicated. Bound proteins were analyzed by
SDS-PAGE/autoradiography. One of two similar experiments is shown.

FIG 11. Effect of RXR ligands on RXR mitochondrial targeting and apoptosis. (A) Effect
of 9-cis-RA on mitochondrial localization of RXRax and Nur77. HM fractions were prepared
from LNCaP cells treated with or without TPA or SRI 1453 (10- M) for 3 hr with or without a 9-
cis-RA pretreatment for 12 hr, and analyzed for expression of Nur77 or RXRct by
immunoblotting. One of two similar experiments is shown. (B) 9-cis-RA inhibits Nur77-
dependent release of cytochrome c from mitochondria. GFP-Nur77 expression vector was
transfected into LNCaP cells, treated with or without 9-cis-RA for 12 hr before TPA treatment (1
hr). Cells were stained for mitochondria (Hsp60) and cytochrome c (Cyt c), and analyzed by
confocal microscopy. 100% of cells displayed diffused Cyt c staining treated with TPA, while
60% of cells showed punctate Cyt c staining when cells were co-treated with TPA and 9-cis-RA.
(C) Inhibition of Cyt c release by 9-cis-RA. LNCaP cells were treated with or without 9-cis-RA
(10-7 M) for 12 hr before treatment with TPA (100 ng/ml) or SR 11453 for 1 hr. Cytosolic
fractions were analyzed for Cyt c by immunoblotting. A nonspecific band at - 70 kd served as a
control for equal loading of proteins. One of three similar experiments is shown. (D) RAR and
VDR ligands fail to inhibit mitochondrial localization of RXRa and Nur77 and cyt c release.
LNCaP cells were treated with 3-Cl-AHPC (10-6 M) for 3 hr after pretreatment of SRI 1237 (10-6

M), RAR ligand Am80 (10-6 M), or VDR ligand Vit D3 (10-7 M). HM and cytosolic fractions
were prepared and analyzed for mitochondrial localization of RXRcx and Nur77 as well as cyt c
release described above. (E) RXR ligands prevent SRI 1453 induced mitochondrial membrane
potential change (AM~m). LNCaP cells were pretreated with 9-cis-RA or SRI 1237 for 12 hr
before treatment with SRI 1453 (10-6 M) for 18 hr. Cells were then incubated with Rh123 for 30
min and analyzed by FACScalibur cytometry. One of three similar experiments is shown. (F)
Inhibition of apoptosis by RXR ligands. LNCaP cells were pretreated with 9-cis-RA or
SRI 1237 for 12 hr before treatment with SRI 1453 for 48 hr. Apoptosis was determined by
nuclear staining with DAPI. The percent of cells fluorescencing within the range of Rh123 were
considered as depolarized (i.e., Axjm disrupted). Bars represent average ± means from two
experiments. (G) LNCaP cells were pretreated 9-cis-RA or SRI 1237 for 12 hr before treatment
with SRI 1453 or TPA for 24 hr. Apoptosis was determined by the terminal deoxynucleotidyl
transferase (TdT) assay. One of two similar experiments is shown.
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activated Receptor -1 Ligands in Cancer Cells1
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ABSTRACT Retinoids, comprising the native and synthetic derivatives of vita-
min A, are promising agents for the prevention and treatment of

The peroxisome proliferator-activated receptor y (PPAR-y) is a nuclear human cancers, including those of breast and lung (23, 24). The
receptor family member that can form a heterodimeric complex with
retinoid X receptor (RXR) and initiate transcription of target genes. In biological effects of retinoids are mainly mediated by their nuclear
this study, we have examined the effects of the PPAR-, ligand ciglitazone receptors, RAR and RXR, which each exist as a, 3, and -y isoforms (1,
and the RXR ligand SR11237 on growth and induction of retinoic acid 25, 26). PPAR-, heterodimerizes with RXR, and the resulting het-
receptor (RAR) J3 expression in breast and lung cancer cells. Our results erodimer binds strongly to its DNA-specific sequence, the PPRE (3,
demonstrated that ciglitazone and SR11237 cooperatively inhibited the 4). Recent studies have shown that PPAR'y/RXR also binds to the
growth of ZR-75-1 and T-47D breast cancer and Calu-6 lung cancer cells, estrogen response element (27). PPARY and RXR ligands have been
Gel shift analysis indicated that PPAR-y, in the presence of RXR, formed found to cooperatively induce differentiation and apoptosis of breast
a strong complex with a retinoic acid response element (13 retinoic acid and colon cancer cells through interaction with PPARJ/RXR (17, 18,
response element) in the RARJ3 promoter. In reporter gene assays, RXR 23, 28).
ligands and ciglitazone, but not the PPARy ligand 15d-PGJ2, coopera- RAR/3 plays a critical role in mediating the growth-inhibitory
tively promoted the transcriptional activity of the 13 retinoic acid response effects of retinoids in various cancer cells (29, 30). The aberrant
element. Ciglitazone, but not I5d-PGJ 2, strongly induced RAR3 expres-
sion in human breast and lung cancer cell lines when used together with expression or loss of RAR3 in a variety of cancer cell lines suggests
SR11237. The induction of RARe] expression by the ciglitazone and that decreased RARJ3 expression may contribute to retinoid resistance
SRI 1237 combination was diminished by a PPAR,-selective antagonist, (31-38), implying that RARj3 may act as a tumor suppressor. Regu-
bisphenol A diglycidyl ether. All-trans-retinoic acid or the combination of lation of RARP3 gene expression is principally mediated by the reti-
ciglitazone and SR11237 was able to induce RAR13 in all-trans-retinoic noic acid response element (P3RARE) in its promoter, to which RAR/
acid-resistant MDA-MB-231 breast cancer cells only when the orphan RXR heterodimers bind strongly. Activation of RAR/RXR
receptor chick ovalbumin upstream promoter transcription factor was heterodimers is principally mediated via RAR, whereas RXR serves
expressed, or in the presence of the histone deacetylase inhibitor trichos- as a silent partner (25). The TR3/RXR heterodimer also binds to the
tatin A. These studies indicate the existence of a novel RARI3-mediated )3RARE, which is activated by RXR ligands (39). Thus, the 3RARE
signaling pathway of PPARy action, which may provide a molecular basisfor developing novel therapies involving RXR and PPARV, ligands in can be transcriptionally controlled by various heterodimers and their
potentiating antitumor responses. ligands. Other factors also influence RARI3 gene expression. TheCOUP-TF, which is not expressed in many cancer cells, is required

INTRODUCTION for induction of RARO3 by ATRA (40). Lack of RAR/3 expression in
cancer cells has also been attributed to abnormal regulation of histone

PPARy3 is a ligand-activated transcription factor belonging to the acetylation/deacetylation, which modulates chromatin structure
steroid/thyroid receptor superfamily, which plays a critical role in the and gene transcription, or hypermethylation of the RARP3 promoter
control of adipogenesis (1-4). Specific ligands of PPARy, including (41-45).
the thiazolidinedione class of antidiabetic agents, the prostanoid 15d- In the present study, we evaluated the growth-inhibitory effect of
PGJ,, and certain polyunsaturated fatty acids, have been identified (5, the PPAR-/ligand ciglitazone alone and in combination with the RXR
6). PPARy expression is not limited to adipocytes because activation ligand (rexinoid) SRI 1237. Our results showed that ciglitazone and
of PPAR, by its ligands has been shown to promote growth inhibi- SR 11237 cooperatively inhibited the growth and induced apoptosis of
tion, differentiation, and/or apoptosis of various cancer cells (5, 7-9), breast and lung cancer cell lines. In studying the possible underlying
including breast (10-18) and non-small cell lung carcinoma tissues molecular mechanisms, we observed that PPARY could bind strongly
(19-22). to the P3RARE as a PPAR-//RXR heterodimer. The combination of

RXR ligands with ciglitazone, but not 15d-PGJ 2, strongly activated
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prostaglandin J,; ATRA, all-trans-retinoic acid; /3RARE, R3
retinoic acid response element; BADGE. bisphenol A diglycidyl ether: COUP-TF, chick SRI 1246, and SRI 1345 were prepared as reported previously (47-49). ATRA
ovalbumin upstream promoter transcription factor; DR, direct repeat; HDAC, histone and TSA were obtained from Sigma Chemicals (St. Louis, MO). The PPARy
deacetylase; PPRE, peroxisome proliferator response element: RAR, retinoic acid recep- ligands 15d-PGJ 2, ciglitazone, and BADGE were obtained from Cayman
tor; RXR, retinoid X receptor; TSA, trichostatin A; CAT, chloramphenicol transferase; Chemicals (Ann Arbor, MI). All reagents were dissolved in a 1:1 ratio of
13-gal, 0-galactosidase; MTS, 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium; BrdUrd, 5-bromo-2'-deoxyuridine; tk, thymidine ethanol and DMSO and stored in amber containers at -20'C. Other analytical-
kinase. grade reagents were obtained from Sigma Chemicals unless otherwise stated.
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MDA-MB-231. T-47D, and ZR-75-1 cell lines were routinely maintained in ligands, alone or in combination, on the growth of breast and lung
DMEM (MDA-MB-231) or RPMI 1640 (T-47D and ZR-75-1). supplemented cancer cells. Fig. IA illustrates the effects of the rexinoid SR 11237
with t10% FCS. 100 units/ml penicillin, and 100 ig/ml streptomycin (Irvine and the PPAR-y ligand ciglitazone on the growth of the hormone-
Scientific. Santa Ana. CA). Calu-6 were maintained in MEM Earle's Salt dependent breast cancer cell lines ZR-75-1 and T-47D and the lung
Medium (Irvine Scientific) supplemented with 10% FCS and antibiotics. For cancer cell line Calu-6. Cell proliferation was assessed by MTS assay
for Western analysis studies, cells were cultured in their respective medium after 8 (ZR-75-l and Calu-6) or 10 (T-47D) days of treatment. All
supplemented with 59 charcoal-treated FCS and antibiotics.

Plasmids. The PPARy expression vector was kindly provided by Dr. Mark three cell lines have been reported to be sensitive to growth inhibition

Leid (Oregon State University. Corvallis. OR). Expression vectors for RXRa by ATRA (35, 53). Treatment of these cell lines with ATRA strongly

and reporter gene J3RARE-tk-CAT have been described previously (26, 50). inhibited their growth in a dose-dependent manner (Fig. IA).
Transfection Assays. MDA-MB-231 and ZR-75-1 cells were seeded at 2 SRI 1237 did not exhibit a significant effect on T-47D cell growth,

x l0' cells/ml in 6-well plates for 16-24 h before transfection. Cells were whereas in ZR-75-1 and Calu-6 cells, the rexinoid modestly inhibited
transfected with A3RARE-tk-CAT plasmid (200 ng), f3-gal (200 ng) expression cell growth when used at I jiM (10% and 22% for ZR-75-I and Calu-6
vector (pCH I10; Amershamn Biosciences), and carrier DNA (pBluescript; cells, respectively; Fig. IA). Ciglitazone (I AiM) did not have any
Stratagene, La Jolla. CA) to a final concentration of 2000 ng total DNA/well marked antiproliferative effects in these cancer cell lines. However,
using LipofectAMINE Plus reagent (Invitrogen, Carlsbad, CA). Cells were
treated for 20 h with RXR and PPAR-y ligands. CAT activity was normalized when SRI 1237 and ciglitazone were used in combination, cooperative

with [3-gal activity for transfection efficiency. effects on cell growth were observed in the three cell lines. In ZR-75-1

Western Blot Analysis. Treated cell cultures were subjected to Western cells, a 2-fold growth-inhibitory effect was observed when using I AiM

blot analysis as described previously (51). Preblocked nitrocellulose mem- SRI 1237 and 1 jiM ciglitazone (10% with SRI 1237 versus 23% with
branes were incubated with I jig/mIl equivalent of anti-RARP3 rabbit polyclonal the combination). In addition, cotreatment of ZR-75-1 cells with I AiM
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). RARI3 protein was SRI 1237 and 10 jiM ciglitazone further enhanced growth inhibition
detected by horseradish peroxidase-conjugated antirabbit secondary antibody by 47% (Fig. IA, middle graph). Cotreatment of T-47D cells with
(Amersharn Biosciences), and specific bands were visualized by enhanced SR 1237 and ciglitazone resulted in 51% growth inhibition, compared
chemiluminescence (ECL Amersham Biosciences). Equivalent loading of with the antiproliferative effects of each ligand used alone, whereas an
samples was determined by reprobing the nitrocellulose membrane with a
mouse monoclonal antibody recognizing 1B-actin (Sigma Chemicals). additive effect was observed in Calu-6 cells.

Gel Shift Analysis. In vitro-synthesized RXR and PPARy receptor pro- We also evaluated the antiproliferative effects of SR 11237 and

teins (Promega, Madison, WI) were incubated with RXR and PPAR-y ligands ciglitazone by BrdUrd incorporation. ZR-75-1 cells were treated for
alone or in combination and treated with a rabbit polyclonal anti-PPAR-Y 72 h with SRI 1237 alone or in combination with ciglitazone. As
antibody (Santa Cruz Biotechnology) for 20 min before the addition of 32p_ shown in Fig. lB, SRI 1237 or ciglitazone alone did not inhibit
labeled PRARE oligonucleotide. Gel shift analysis was performed as described BrdUrd incorporation relative to control. In contrast, the combination
previously (35). decreased BrdUrd incorporation by 46%. Additional studies were

Cell Proliferation and Apoptosis Studies. Treated cells were trypsinized, performed to determine whether the combination induced apoptosis
pelleted by centrifugation at 2000 rpm for 5 min, resuspended in I ml of PBS,
and fixed in 70% ice-cold ethanol. After two additional PBS washes, the cells (Fig. IC). ZR-75-1 cells were treated for 5 days with SRI 1237 alone

were resuspended in PBS containing 50 tig/ml propidium iodide (Sigma or in the presence of ciglitazone. After treatment, cells were harvested

Chemicals) and 100 /ig/ml DNase-free RNase A (Roche Diagnostics, Indian- and stained with propidium iodide for flow cytometry. Apoptotic cells
apolis. IN). Cell suspensions were incubated for 30 min at 37°C with protec- were determined by measuring sub-G,-phase cells. When the cells
tion from light and analyzed using a FACScatter-Plus flow cytometer (Becton were treated with the combination of SRI 1237 and ciglitazone, 7.6%
Dickinson, San Jose. CA). of the cells were apoptotic compared with control (Fig. IC). Taken

To assess cell viability, cells were seeded at I X 103 cells/well in 96-well together, these results demonstrate that ciglitazone and a RXR ligand
microtiter plates and treated with varying concentrations of SRI 1237 and togterthee insult deonte at i nd anr lgn
ciglitazone, with medium and ligands replaced every 48 h. After treatment, 20 can cooperatively inhibit growth and induce apoptosis in cancer cells.
jAl of MTS/phenozine methosulfate solution (Promega) were added to each Induction of RARI by a PPARy Ligand in Cancer Cell Lines.
well, and incubation was continued for 2-4 h at 37°C in the dark. Absorbance Induction of RAR/3 has been correlated with the growth-inhibitory

(490 nm) was measured on a Bio-Rad 550 microplate reader, and apoptosis-inducing effects of retinoids in breast and lung cancer
BrdUrd Analysis. Treated cells were incubated with BrdUrd (20 tiM; cells (30, 35, 36). We then determined whether the antiproliferative

Sigma Chemicals) for 2 h before harvesting of cells. After trypsinization and effects observed using rexinoids and PPAR-y ligands could be attrib-
two PBS washes, cells were pelleted by centrifugation and permeabilized with uted to their ability to induce RARP. Western analysis was used to
4% paraformaldehyde. After a 20-min incubation at room temperature, 0.1% investigate whether RXR and PPARY ligands were capable of regu-
saponin (Sigma Chemicals) was added to the cell suspension, and the incuba- lating RARP3 protein expression. ZR-75- I, T-47D, and Calu-6 cells
tion was continued for 10 min. The cells were then centrifuged, washed twice
with PBS containing 0. 1% saponin, and resuspended in PBS containing 30 p.g
of DNase I (Roche Diagnostics). After a I-h incubation with either an anti- ciglitazone. In these cell lines, ATRA readily induced RARI3, as

BrdUrd fluorescent antibody or an isotope control antibody (Becton Dickin- reported previously (35), whereas ciglitazone did not show any effect

son), cells were given a final PBS wash before being analyzed using the (Fig. 2). SRI 1237 only weakly induced RARP3 in all of the cell lines.
FACScatter-Plus flow cytometer (Becton Dickinson). However, cotreatment with SRI 1237 and ciglitazone resulted in a

Statistical Analysis. One-way ANOVA with the Dunnett's post test marked expression of RARP3 protein. Together, these data demon-
(GraphPad Prism software) was used to assess significance of treatments at the strate that ciglitazone strongly induces RARP3 expression in combi-
5% level for growth inhibition studies, nation with a RXR ligand.

Differential Effects of PPARy Ligands on RAR13 Expression.

RESULTS Next, we examined whether other known PPARy ligands were able to
induce RAR)3. We evaluated the prostanoid 15d-PGJ, and rosiglita-

Ciglitazone and SR11237 Cooperatively Inhibit the Growth of zone, two well-characterized PPARy ligands (5, 6). T-47D, ZR-75-1,
Cancer Cell Lines. Both retinoids and PPARy ligands are potent and Calu-6 cells were first treated with 15d-PGJ2 alone or with
regulators of cancer cell growth. Because PPARy heterodimerizes SRt1237. Unlike SRI1237 and ciglitazone cotreatment (Fig. 2),
with RXR (5, 52), we investigated the inhibitory effect of their SRI 1237 and 15d-PGJ 2 did not induce RARP3 (Fig. 3), thus highlight-
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Fig. 1. PPARyligand ciglitazone and RXR ligand SRI 1237 cooperatively inhibit growth and induce apoptosis of cancer cells. A, inhibition of cell proliferation by RXR and PPARy
ligands. T-47D, ZR-75-1, and Calu-6 cells were treated for 10 (T-47D) or 8 (ZR-75-1 and Calu-6) days with the indicated concentrations of ATRA, SR11237. or ciglitazone. After
treatment, inhibition of cell proliferation was assessed by MTS assay. Cell viability is expressed as a percentage of the control -1 SE (n = 4). *, P < 0.05. B, rexinoid and ciglitazone
cooperatively inhibit breast cancer cell proliferation. ZR-75-1 cells were treated for 72 h with ATRA alone (I Amu, as positive control) or with SRI 1237 (I1 fiM) or ciglitazone (10 /fM),
either alone or in combination. Cell proliferation was assessed by BrdUrd incorporation (top graphs). The data are presented as a histogram (bottom graph). C, induction of apoptosis
by RXR and PPARy ligands. ZR-75-1 cells were treated for 5 days with SRI 1237 (1 jiM) or ciglitazone (10 AiM), either alone or in combination. Apoptotic cells were determined by
measuring the sub-G, peak of cells using propidium iodide staining and flow cytometry. Results are representative of three separate experiments.

ing the differential effects of the PPARy ligands on modulating expression by ciglitazone (in combination with SRI 1237) is mediated
RARP expression in combination with a RXR-selective retinoid. We via activation of PPARY.
also found that rosiglitazone alone or with SRI 1237 did not induce PPARV Binds to the I3RARE as a PPARy/RXR Heterodimer.
RARP (Fig. 3). Thus, not all PPAR'y ligands are capable of inducing The 3RARE present in the RAR/3 promoter mediates transcriptional

RARP expression in cancer cells, regulation of RARP expression by RAR and RXR heterodimers (50,
PPAR, Mediates the Effects of Ciglitazone in Inducing RAR13. 54). To determine whether induction of RARP3 by ciglitazone and

To determine whether the induction of RARI3 by ciglitazone (in SR 11237 was also mediated via 3RARE, we studied the possibility

combination with SRI 1237) was mediated by PPARy, we examined that PPARy was capable of interacting with the PRARE. In vitro-
the effect of BADGE a PPAR-y antagonist. BADGE was shown to translated PPARy protein was analyzed for binding to the /3RARE by
block the ability of PPARy ligands to activate the transcriptional and the gel shift assay (Fig. 5A). PPARy alone did not exhibit clear
adipogenic function of PPAR-y (46). Fig. 4 illustrates that BADGE binding to the P3RARE. However, PPARy in combination with in
alone did not affect basal RARP3 expression in T-47D cells. How- vitro-synthesized RXRa protein produced a prominent complex.
ever, BADGE significantly attenuated ciglitazone/SR1 1237-induced Binding was not affected when PPARy/RXR was preincubated with
RARP3. The effect of BADGE was specific because it did not inhibit SRI 1237 or ciglitazone. However, when in vitro-translated RXR and
ATRA-induced RARj3 expression. Similar attenuation of ciglitazone! PPARy were incubated with an anti-PPARy antibody, binding of the
SRI 1237-induced RARf3 by BADGE was observed in ZR-75-1 cells RXR/PPARy heterodimer to 3RARE was attenuated, indicating that

(data not shown). These data strongly suggest that induction of RARP3 the PPARy antibody blocked the ability of PPARy to bind to 3RARE
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T-47D ATRA - + servation that ciglitazone synergized with SRI 1237 in inducing

SR11237 - - + - + RAR)3 expression suggested that binding of ciglitazone to PPARy and

Ciglitazone - - - + + binding of SRI 1237 to RXR resulted in transactivation of the 3RARE

by PPARy/RXR heterodimers. In contrast, binding of PPAR-y with

15d-PGJ 2 may either not activate or suppress the transcriptional

activity of PPAR,//RXR on the f3RARE. Therefore, we determined

whether 15d-PGJ2 interfered with PPARy activation by ciglitazone.

Fig. 7 shows that in ZR-75-1 cells, 15d-PGJ 2 inhibited RAR)3 expres-
•- 3-actin sion induced by the combination of SR 11237 and ciglitazone. Thus,

15d-PGJ2 acts as an antagonist of PPARy with respect to the induc-

ZR-75-1 ATRA - + tion of RARP by ciglitazone.

SR11237 - - + - +
Ciglitazone - - + +

T-47D ATRA - +
SR11237 - - + + - +
15d-PGJ 2  - - - + + - -

V-*3-actin Rosiglitazone ---- + +

~ RAR3

Calu-6 ATRA - +
SR11237 - - + - + .0--actin
Ciglitazone - - + +

F i-- -- RARf ZR-75-1 ATRA - +
" SR11237 - - + - + - +

15d-PGJ 2  - - - + + -
-- [-actin Rosiglitazone ---- + +

S~RARP3

Fig. 2. Regulation of RARO3 protein expression by RXR and PPARY ligands. T-47D,
ZR-75-1, and Calu-6 cells were treated for 24 h with SRI 1237 (1 AM) or ciglitazone (10
AM), either alone or in combination. Cells were also treated with ATRA (I AM) as a
positive control. Cell lysates were prepared, and RARP protein expression was assessed . M M-actin
by Western analysis (51).

Calu-6 ATRA - +
(Fig. 5B). These data demonstrate that PPARy can bind to the 3RARE SR11237 - - + - + - +

as a PPARy/RXR heterodimer. 15d-PGJ 2  - - + + - -
Differential Regulation of 13RARE Transcriptional Activity by Rosiglitazone -- + +

PPARy Ligands. The observation that PPARy/RXR binds to the

P3RARE suggested that it represented another RXR-containing het- .- RAR3

erodimeric complex that activates the 3RARE. Therefore, we studied
whether RXR and PPARy ligands could activate the /3RARE. A

reporter containing the CAT gene fused to the /3RARE (50) was . 3-actin
transiently transfected into MDA-MB-231 cells, which were treated
with SR1 1237 alone or in combination with ciglitazone. As revealed

Fig. 3. Differential effects of PPAR)' ligands in inducing RARO expression. T47D.
in Fig. 6A, SRI 1237, but not ciglitazone, slightly induced P3RARE ZR-75-1 and Calu-6 cells were treated for 24 h with SRI 1237 (1 AM), 15d-PGJ 2 (5 MM),

transcriptional activity. Moreover, induction of )3RARE was syner- or rosiglitazone (10 .m), alone or with SRI 1237 + 15d-PGJ, or SR 1237 + rosiglitazone

gized by cotreatment with ciglitazone. We also examined whether the in combination. Cells were also treated with ATRA (I M). as a positive control, RAR/3

synergistic effect on activating P3RARE could be extended to other protein expression was assessed by Western analysis.

PPARy and RXR ligands. Ciglitazone, but not 15d-PGJ 2 or rosigli-

tazone, strongly induced )3RARE activity together with SRI 1237 ATRA -- -- +

(Fig. 6A). This correlated with the effects of these PPARy ligands on SR11237 - - + - + -

induction of RARI3 protein expression (Figs. 2 and 3). Similar results Ciglitazone - - - + + - + -
were obtained using ZR-75-1 breast cancer cells (Fig. 6B, top graph). BADGE - ---- + + +

Thus, not all PPARy ligands that activate the PPRE similarly activate

I3RARE together with SRI 1237. We also examined the effect of the -e-RARO
RXR ligands SRI 1246 and SRI 1345 on 3RARE activity in ZR-75-1
cells (48, 49). Again, ciglitazone strikingly enhanced transcriptional
activity of the j3RARE induced by SRI 1246 and SRI 1345 (Fig. 6B). -o -actin

Antagonistic Effects of Other PPAR,/ Ligands on RAR(3 Ex-

pression. The differential effect of PPARy ligands on SR 11237- Fig. 4. A PPAR, antagonist blocks induction of RARP protein expression. T-47D cells
were pretreated for 3 h with the PPARy antagonist BADGE (20 .M), after which the cells

induced RAR/3 expression (Figs. 2 and 3) prompted us to investigate were treated with SR 11237 (1 AM) or ciglitazone (10 AM), alone or in combination. RARP3
whether PPARy ligands antagonized one another's activity. The ob- protein expression was determined by Western analysis.
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A B

SR11237 - - + + - - + +
Ciglitazone- - - - + + + -

RXR y - + - + fx-PPARy - + - + - + - +PPARy - - + +

Fig, 5. RXR and PPARy/ bind to P3RARE as a
heterodimeric complex. A, in vitro-translated RXR - RXR/PPARy-•
and PPARy were incubated with -

2
P-radiolabeled

ORARE, either alone or in combination. The result-
ing reactions were then analyzed by gel shift anal-
ysis. B, in vitro-translated RXRa and PPARy were
incubated with SRI 1237 (I juM) and/or ciglitazone
(I10 g.t), in the absence or presence of anti-PPARy
rabbit polyclonal antibody (a-PPARy). After a fur-
ther incubation with '"P-radiolabeled )3RARE, the
reactions were analyzed by gel shift analysis.

Mechanisms of RAR13 Induction in MDA-MB-231 Cells: Role DISCUSSION
of HDACs and the Orphan Receptor COUP-TF. ATRA does notof HA~sandthe rphn Rceptr CUP-F. ARA oesnot Retinoids are effective in suppressing tumor development in many
induce RAR3 expression in the estrogen-independent breast cancer
cell line MDA-MB-231 (35, 41-43, 55, 56). Therefore, we examined animal carcinogenesis models and are being evaluated in clinical trials

whether SRI 1237 and ciglitazone could induce RARP3 in these cells. for prevention and treatment of cancers (23, 24). As an illustration, the

In agreement with previous observations (35). treatment of MDA- rexinoid LGDIO69 suppresses mammary tumor development and

MB-231I cells with ATRA did not induce RAR3 expression (Fig. 8A). inhibits the growth of established tumors in vivo (57, 58). This
retinoid was recently approved for treatment of cutaneous T-cell

SR 11237 and ciglitazone, either alone or in combination, did not lympho ma o nt ly asis of culan eou s t he

induce RARP3 expression, despite the expression of RXRa and lymphoma on the basis of clinical trial results and highlights the
potential for rexinoids as effective cancer therapeutic agents. Unfor-

PPARy (data not shown). Histone acetylation and DNA methylation tunately, a major limitation in retinoid therapy is that the concentra-
have been reported to contribute to silencing RARP gene expression tions needed for anticancer activity also produce adverse effects.
in the MDA-MB-231 cell line (41, 44). HDAC inhibitors, such as Among recent anticancer approaches, combination therapy may lead
TSA, have been shown to suppress the effects of corepressors (41). to synergistic growth-inhibitory effects on cancer cells, thereby al-
Therefore, to determine whether inhibitors of histone deacetylation lowing the use of lower concentrations to reduce toxicity associated
played a role in augmenting induction of RARP by RXR and PPAR-y with retinoid treatment (23, 24). In this study, we demonstrate that the
ligands, MDA-MB-231 cells were treated with SRI 1237, alone or in PPARy ligand ciglitazone and the RXR ligand SRI 1237 coopera-
combination with ciglitazone and TSA. Cotreatment of cells with tively inhibited the growth of breast and lung cancer cells, whereas
ATRA and TSA readily induced RAR)3 protein expression (Fig. 8A). either one alone did not markedly inhibit growth (Fig. IA). The
Cells cotreated with SRI 1237, ciglitazone, and TSA also induced combination resulted in an enhanced inhibition of cell growth, BrdUrd
RAR3. These results suggest that histone deacetylation may represent incorporation, and induction of apoptosis (Fig. 1). Previous studies
a mechanism through which RARP3 expression is suppressed in MDA- showed that the rexinoids enhanced the antidiabetic activity of
MB-231 cancer cells. PPARy ligands (59). Our present results indicate that the combination

We reported previously that the orphan receptor COUP-TF is of rexinoids and PPARy ligands may represent a new approach to
required for RARP3 expression by ATRA and is not expressed in effectively inhibit the growth of cancer cells.
MDA-MB-231 cells (40). COUP-TF enhances RARP3 expression by The cooperative effect of rexinoids and PPARy ligands is likely
increasing the recruitment of receptor coactivators to the RARP3 mediated by their receptors RXR and PPARy and their heterodimer-
promoter. Stable expression of COUP-TF in MDA-MB-231 cells ization. In elucidation of the downstream pathways mediating the
restored the ability of ATRA to induce RAR/3 expression (40). There- RXR and PPARy heterodimers, we observed that induction of RARt3.
fore, we examined whether COUP-TF expression was also involved in a potent growth inhibitor (29, 30), is involved in the cooperative
the induction of RARJ3 by SRI 1237 and ciglitazone. Treatment of growth inhibition of PPARy and RXR ligands. Rexinoids and cigli-
MDA-MB-231 COUP-TF stable clone cells with ATRA resulted in tazone alone did not show an appreciable effect on RARP expression.
strong expression of RARP3, as reported previously (40). SRI 1237 or However, their combination strongly induced RARP3 expression in
ciglitazone alone slightly induced RAR)3 expression in this COUP-TF breast cancer and lung cancer cells to a degree that was comparable
stable clone (Fig. 8B). As observed previously with the T-47D, with that of ATRA (Fig. 2). Thus, our results suggest that induction of
ZR-75-1, and Calu-6 cells (Fig. 3), 15d-PGJ2, either alone or in RARf3 expression accounts for the cooperative growth-inhibitory ef-
combination with SRI 1237, did not induce RAR/3 expression in the fect of rexinoids and ciglitazone.
MDA-MB-231 COUP-TF stable cells. In contrast, SR 11237 and The effect of ciglitazone in inducing RAR)3 is mediated by PPARy.
ciglitazone markedly induced RAR3 expression (Fig. 8B). Thus, the This was demonstrated by our observation that RARP induction was
expression of COUP-TF modulates the induction of RAR/3 by attenuated by the PPAR-y antagonist BADGE (Fig. 4). Induction of
PPARy/RXR heterodimers, as well as the RAR/RXR heterodimers. RARJ3 by ATRA is mainly mediated by RAR/RXR heterodimers that
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bind to the 3RARE in the RARP3 promoter (50, 54). In studying how
A MDA-MB-231 PPARy and RXR mediated the RARP3 induction by rexinoids and

600/ ciglitazone, we demonstrated that the PPARyIRXR heterodimeric

S500 complex bound to the 3RARE (Fig. 5) and induced its transcriptional
•400 activation in the presence of rexinoids and ciglitazone (Fig. 6). We

b .•demonstrated previously (39, 60) that rexinoids could induce RAR)3
t 300 expression through TR3/RXR heterodimers via PRARE. The results

200- from the present study demonstrate that the PPARy/RXR heterodimer
represents another RXR-containing heterodimer that mediates the" 100- l

m i d •effect of RXR ligands on RARP induction and growth inhibition.
0* Classical retinoids fail to induce RAR/3 expression in certain lung

none 15d-PGJ2 Ros Cig cancer cell lines and in the estrogen-independent MDA-MB-231

SR11237 - + - + - + - + breast cancer cells (35, 41-44, 61-64). Lack of RARP3 induction has
contributed to the retinoid resistance of cancer cells (29, 30). We
reported previously (40) that the inability of RAR/RXR heterodimers

ZR-75-1 to activate the RARP3 promoter in ATRA-resistant MDA-MB-231
500 cells was due to lack of the orphan receptor COUP-TF. Our present

data indicate that the SRI 1237 and ciglitazone combination failed to0 400 induce RARP3 expression in wild-type MDA-MB-231 cells (Fig. 8A)

300-

ATRA - +
200-

SR11237 - - + + +
t o-15d-PGJ 2-  - - -  +

Ciglitazone - - - + + +

SR11237 - + - + - + ! 4--RARO3
15d-PGJ 2  - - +  +  -  -

Ciglitazone . .---- . + + • •j'.1 r--actin

2ZR-75-1 Fig. 7. 15d-PGJ, antagonizes RARP3 expression induced by rexinoid and ciglitazone.
ZR-75-1 cells were treated for 24 h with ATRA alone (I tAM) or with SRI 1237 (1 A.tM),

, 200- ciglitazone (10 AM), or 15d-PGJ2 (5 (AM), either alone or in combination. RAR,3 protein
expression was determined by Western analysis.

"1 50-

00' - A
ATRA - + - +.

. 50. TSA - - + + - + -+4 - +.
2~ - -1

0 SR11237 ---- + + + +- -

SR11246 . + + - + Ciglitazone ------- + + +- +

15d-PGJ2  - - + + - .

Ciglitazone -- ---- - + + 4*-RARP

ZR-75-1S5oo • [P-actin

400-

300 B
E.; 300- ATRA - +

200 SR11237 - - + - + - +S15d-PGJ
2  - - - + + - -

"too- Ciglitazone ----- + +

0.

SR11345 - + - + - + RARP
15d-PGJ2  - - + + - - F
Ciglitazone----+ +

Fig. 6. PPARy ligands differentially promote 13RARE transcriptional activity. The e0 "-43-actin
MDA-MB-231 and ZR-75-1 breast cancer cell lines were transiently trtnsfected with 200
ng of PRARE-tk-CAT (50) and 200 ng of 3-gal expression vector. Transfected cells were
treated for 20 h with the indicated RXR-selective ligands (I AM) or PPARY ligands (5 pAm Fig. 8. RXR and PPARy ligands differentially regulate RARO3 expression in wild-type
15d-PGJ,, 10 Mm ciglitazone, or rosiglitazone), either alone or in combination. Transcrip- MDA-MB-231 and MDA-MB-231 COUP-TF stable cells. A, MDA-MB-231 cells were
tional activity of 3RARE was assessed by CAT assay, using .3-gal as an internal standard treated for 48 h with SR 11237 (1 AM) ciglitazone (10 Mm), or TSA (100 ng/ml), alone or
to evaluate transfection efficiency. Results are representative of three separate experi- in combination. RARO3 protein expression was determined by Western analysis. B.
ments, and values are expressed as relative transcriptional activity. A. effect of RXR and MDA-MB-231 COUP-TF stable cells were treated for 24 h with SRI 1237 (I AM),
PPARy ligands on inducing P3RARE in MDA-MB-231 cells. B, effect of RXR and 15d-PGJ 2 (5 aM), orciglitazone (10 MM), alone or in combination, and analyzed for RARP
PPAR-y ligands on inducing ORARE transcriptional activity in ZR-75-1 cells, expression by Western analysis.
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but strongly induced RARJ3 in MDA-MB-231 cells stably expressing 2. Moller, D. E., and Berger, J. The mechanisms of action of PPARs. Annu. Rev. Med.,

COUP-TF (Fig. 8B). These results indicate a requirement for 53: 409-435, 2002.
3. Rosen, E. D., Walkey, C. J.. Puigserver, P., and Spiegelman, B. M. Transcriptional

COUP-TF in activating RARJ3 promoter by the PPAR-y/RXR het- regulation of adipogenesis. Genes Dev., 14: 1293-1307, 2000.

erodimer. Similar to ATRA, we observed that the combination of 4. Rangwala, S. M., and Lazar, M. A. Transcriptional control of adipogenesis. Annu.

ciglitazone and SRI 1237 strongly induced RARI in wild-type MDA- Rev, Nutr., 20: 535-559, 2000.
5. Rosen, E. D., and Spiegelman, B. M. PPAR-y: a nuclear regulator of metabolism,

MB-231 cells when the HDAC inhibitor TSA was present (Fig. 8A). differentiation, and cell growth. J. Biol. Chem., 276: 37731-37734. 2001.

These results suggest that histone deacetylation is another mechanism 6. Hihi, A. K., Michalik, L., and Wahli, W. PPARs: transcriptional effectors of fatty
acids and their derivatives. Cell. Mol. Life Sci.. 59: 790-798, 2002.

responsible for silencing RARP3 expression. 7. Sporn, M. B., Suh, N., and Mangelsdorf, D. J. Prospects for prevention and treatment
One interesting observation in the present study is that PPAR'y of cancer with selective PPARy modulators (SPARMs). Trends Mol. Med., 7:

ligands differentially regulate PRARE activity and induction of 395-400, 2001.
8. Kersten, S., Desvergne, B., and Wahli, W. Roles of PPARs in health and disease.

RARf3 expression. Ciglitazone, troglitazone, rosiglitazone, and 15d- Nature (Lond.). 405: 421-424, 2000.
PGJ, act as potent agonists of the PPARy/RXR heterodimer on the 9. Murphy, G. J., and Holder, J. C. PPARy agonists: therapeutic role in diabetes,

PPRE (3- 8). However, only ciglitazone activated fPRARE when used inflammation and cancer. Trends Pharmacol. Sci., 21: 469-474, 2000.
with rexinoids (Fig. 6). Combination of rosiglitazone or 15d-PGJ 2  10. Clay, C. E., Atsumi, G. I., High, K. P., and Chilton, F. H. Early de novo gene

expression is required for 15-deoxy-Am 2
.'"-prostaglandin J2-induced apoptosis in

with a rexinoid failed to induce RARP3 in these cancer cell lines (Fig. breast cancer cells. J. Biol. Chem., 276: 47131-47135, 2001.

3). Thus, different PPAR-y ligands exhibit opposing effects on trans- I1. Kilgore, M. W., Tate. P. L.. Rai. S., Sengoku, E., and Price, T. M. MCF-7 and T47D
human breast cancer cells contain a functional peroxisomal response. Mol. Cell.

activation of the PPARy/RXR heterodimer. Why there is such dis- Endocrinol., 129: 229-235, 1997.

parity among the PPARy compounds and their ability to cooperate 12, Mueller, E.. Sarraf. P., Tontonoz. P., Evans, R. M., Marlin, K. J., Zhang, M., Fletcher,

with RXR ligands to induce RARf3 is presently unclear. One obvious C., Singer, S., and Spiegelman, B. M. Terminal differentiation of human breast cancer
through PPAR3y. Mol. Cell, 1: 465-470, 1998.

explanation would be the differences in ligand structure, which may 13. Sub, N., Wang, Y., Williams, C. R., Risingsong, R., Gilmer, T.. Willson, T. M, and
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control of ligand binding has been well demonstrated for RARIRXR tional activation of peroxisome proliferator-activated receptor y by &.-
3 

and w-6 fatty

heterodimers. Binding of RAR/RXR heterodimers with RAR ligand acids in MCF-7 cells. Mol. Cell. Endocrinol., 160: 67-73, 200().
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Retinoids are therapeutically effective in the treat- nuclear receptor classes, the retinoic acid receptor (RAR)1 and
ment of various cancers, and some of the therapeutic retinoid X receptor (RXR) (3-5). Both are encoded by three
action of retinoids can be ascribed to their potent inhi- different genes (a, [3, and y) and function as ligand-inducible
bition of AP-1 activity that regulates transcription of transcription factors in vivo mainly as RXR/RAR heterodimers.
genes associated with cell growth. We recently reported trans-Retinoic acid (trans-RA) binds RARs, whereas 9-cis-RA
that the expression of orphan receptor chicken ovalbu- binds both RARs and RXRs. Binding of retinoids to their re-
min upstream promoter-transcription factor (COUP-TF) ceptors induces receptor conformational changes that switch on
plays a role in mediating the growth inhibitory effect of transcription of genes containing RA response elements
trans-retinoic acid (trans-RA) in cancer cells. To gain (RAREs) (3-5). In addition to their positive regulation of
insight into the molecular mechanism by which RARE-containing genes, retinoid receptors, in response to their
COUP-TF regulates trans-RA activity, we evaluated the ligands, can inhibit effects induced by the tumor promoter
effect of COUP-TF on antagonism of AP-1 activity by 12-g-tetradecanoylphorbol-13-acetate (TPA) and the transcrip-
trans-RA. Our results demonstrated a positive correla- 12-O-tetradetanoylphorbol-13-acetate (TPA and the transcrip-
tion between COUP-TF expression and the ability of tional activity of the proto-oncogenes c-Jun and c-Fos (6), which
trans-RA to inhibit AP-1 activity in various cancer cell are components of the AP-1 complex, which often has a role in
lines. In transient transfection assay, expression of cancer cell proliferation (7). The activation of AP-l-responsive
COUP-TF strongly inhibited tumor promoter 12-O-tetra- genes by TPA or c-Jun/c-Fos through TPA response elements
decanoylphorbol-13-acetate-induced AP-1 transactiva- (TREs) is repressed by retinoid receptors in a ligand-dependent
tion activity and transactivation of c-Jun/c-Fos in both a manner (8-10). Conversely, AP-1 represses transactivation of
trans-RA-dependent and -independent manner. In vitro retinoid receptors (8, 9). This mutual antagonism appears to
studies demonstrated that the addition of COUP-TF in- play a critical role in regulating cell growth and differentiation
hibited c-Jun DNA binding through a direct protein- (6). For example, overexpression of c-Jun conferred retinoid
protein interaction that is mediated by the DNA binding resistance to breast cancer cells (11), while overexpression of
domain of COUP-TF and the leucine zipper of c-Jun. retinoid receptors enabled trans-RA to inhibit AP-1 activity in
Stable expression of COUP-TF in COUP-TF-negative ovarian cancer cells and their growth (12). The functional in-
MDA-MB231 breast cancer cells restored the ability of teraction between AP-1 and retinoid receptors is also observed
trans-RA to inhibit 12-O-tetradecanoylphorbol-13-ace- for other nuclear receptors, including glucocorticoid receptor
tate-induced c-Jun expression. The effect of COUP-TF in (13-16), thyroid hormone receptor (17), vitamin D receptor,
enhancing the trans-RA-induced antagonism of AP-1 ac- estrogen receptor (18, 19), and androgen receptor (AR) (18).
tivity required expression of retinoic acid receptors The anti-AP-1 activities shown by liganded retinoid recep-
(RARs), since stable expression of COUP-TF in COUP- tors appear to contribute significantly to the therapeutic effi-
TF-negative HT-1376 bladder cancer cells, which do not cacy of retinoids against hyperproliferative diseases (6). Tran-
express RARa and RAR13, failed to restore trans-RA. ccretinoi agins hperpoieive diseas (6.Tan-induced AP-1 repression. Thus, COUP-TF, through its scription of various AP-1-responsive genes, such as collagenase

indued P-1reprssin. husCOU-TF thrughits and stromelysin, which have roles in tumor progression and
physical interaction with AP-1, promotes anticancer ef- a y
fects of retinoids by potentiating their anti-AP-1 activity, invasiveness (20), is inhibited by retinoids (8-10) and has been

reported to contribute to their reversal of human bronchial
epithelial squamous differentiation (21). Retinyl methyl ether,
which effectively prevents mammary cancer in animals,

Retinoids, the natural and synthetic vitamin A analogs, ex- strongly suppressed AP-1 activity in breast cancer cell (22).
ert profound effects on many biological processes, including cell Interestingly, RAR[, a negative regulator of cancer cell growth
proliferation and differentiation (1, 2), and are recognized as (23), potently inhibits AP-1 activity and collagenase expression
promising agents for the prevention and treatment of various in both breast and lung cancer cells (24). Recent studies dem-
cancers. The effects of retinoids are mainly mediated by two onstrate that retinoids that specifically inhibit AP-1 activity

but antagonize RAR transactivation on RAREs inhibited the
growth of many different types of cancer cells (25-27). Anti-

* This work is supported in part by grants from the National Insti- AP-1 retinoids inhibited squamous differentiation of human
tutes of Health and the United States Army Medical Research and
Material Command (to X. Z.). The costs of publication of this article
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A and c-Fos proteins was required to inhibit in vitro binding to
T-47D zR75-1 MB231 Calu-6 112H2 HT-1376 the TRE or RARE, respectively (8, 9). Because the in vivo

"footprint assay for glucocorticoid receptor and AP-1 interaction
1IT did not reveal any effect on DNA binding (30), whether RAR

and AP-1 directly interact in vivo remains to be established.
Subsequently, it was suggested that blocking activation of the
Jun N-terminal kinase signaling pathway that activates AP-1
might be responsible for AP-1 inhibition by retinoid and other

S40- nuclear receptors (31). Although this mechanism may explain
how retinoids inhibit AP-1 activity under some conditions, it
does not address how mutual inhibition occurs. Recent results
suggest that the molecular basis of receptor-mediated inhibi-
tion of AP-1 transcriptional activation might be due to compe-

TPA -+ ++ -++ ++ + ++ +++ +++ +- + tition for a common coactivator, such as the cAMP-response
RA(4oM-- 876 -76 -876 876 -876 87O element-binding protein (CBP), which is required for transcrip-

tional activation by both the AP-1 complex and RARs (32).
However, a domain of RAR capable of inhibiting AP-1 activity,
such as the DNA-binding domain (33), does not interact with

B CBP (32). The development of retinoids that specifically inhibit
MB231 H292 HT-1376 AP-1 activity without transactivating RARs (25, 26) also ar-

1 gues against the involvement of RAR coactivators in RARs-
. 10- AP-1 cross-talk. Thus, the availability of CBP is unlikely to be

the sole modulator of RAR and AP-1-signaling pathways, andI - other adapter proteins may be involved in the antagonism of
AP-1 activity by RAils.

so Recent studies demonstrate that orphan receptor COUP-TF
4 " •is involved in regulation retinoid responses (34, 35). COUP-TF

is encoded by two distinct genes, COUP-TFI (EAR-3) (36, 37)
2o- iand COUP-TFII (ARP-1) (38). Both show exceptional homology

and overlapping expression patterns, suggesting their redun-

0 dant functions (39). COUP-TF can modulate retinoid responses
TPA (1OnGWm)-- Q +- ++ ++ -- ++ ++ ++ ++ -- 4+ 4+ ++ ++ through either its high affinity binding to various RAREs or its
CoUp-TP (ng) - - 10 20 50 - 10 20 50 - 10 20 SO heterodimerization with RXR (40-43). We previously reported

FIG. 1. COUP-TF expression and trans-RA-induced anti-AP-1 that COUP-TF expression was required for cancer cell growth
activity correlate in cancer cell lines. A, inhibition of TPA-induced inhibition by trans-RA (35). We further demonstrated that the
collagenase promoter activity by trans-RA. The -73Col-CAT reporter effect of COUP-TF is partly due to its induction of RARP3 that
was transfected into the indicated cancer cell lines. After transfection,
the cells were incubated in DMEM medium containing 0.5% FCS for mediates growth inhibition by retinoids in various cancer cells
24 h and treated with either TPA (100 ng/ml) alone or with the indi- (35).
cated concentrations of trans-RA. After 12 h, the cells were harvested, To further understand how COUP-TF is involved in the
and CAT activity was determined. The activities of cotransfected 3-ga- regulation of trans-RA activity in cancer cells, we investigated
lactosidase were used as controls for transfection efficiency. B, effect of
COUP-TF expression in COUP-TF-negative cancer cell lines on inhibi- the effect of COUP-TF on antagonism of AP-1 activity by trans-
tion of AP-1 activity by trans-RA. The -73Col-CAT reporter was trans- RA. Our data demonstrate that COUP-TF expression in vari-
fected with or without COUP-TF into COUP-TF-negative cancer cell ous cancer cell lines correlated with the ability of trans-RA to
lines (MDA-MB231, H292, and HT-1376). Cells were incubated in me- suppress AP-1 transcriptional activity. In addition, we found
dium (see "Experimental Procedures") containing 0.5% FCS for 24 h
and then treated with either TPA (100 ng/ml) alone or with 10-6 M that COUP-TF effectively suppressed AP-1 transcriptional ac-
trans-RA. After 12 h, cells were harvested, and CAT activity was de- tivity by interacting with c-Jun to cause loss of c-Jun DNA
termined. The activities of cotransfected )3-galactosidase were used as binding. This interaction required COUP-TF DNA-binding do-
reference values. main and the c-Jun leucine-zipper domain. Although AP-1 in-

hibition by COUP-TF did not require trans-RA, COUP-TF
bronchial epithelial cells (21), TPA-induced transformation and strongly potentiated the AP-1 antagonism by trans-RA when
the clonal growth of the promotion-sensitive JB6 mouse epi- RARs were expressed. Our results demonstrate that interac-
dermal cell line (28), and papilloma formation in animals tion between COUP-TF and AP-1 is involved in regulating
(29). Thus, anti-AP-1 activity of retinoids contributes to their anti-AP-1 activity of retinoids in cancer cells and suggest that
chemopreventive and chemotherapeutic effects, presumably COUP-TF plays a role in the cross-talk between retinoid and
by blocking the processes of tumor promotion and cell AP-1 signalings.
transformation. EXPERIMENTAL PROCEDURES

The mechanism by which retinoids inhibit AP-1 activity re- Cell Culture-HeLa ovarian and MDA-MB231 breast cancer cells
mains largely unclear. Unlike the effect of retinoid receptors on were grown in Dulbecco's modified Eagle's medium (DMEM) supple-
RAREs, inhibition of AP-1 activity by retinoid receptors is mented with 10% fetal calf serum (FCS); Calu-6 lung cancer and HT-
independent of retinoid receptor-RARE interaction (8-10). Pre- 1376 bladder cancer cells were grown in MEM containing 10% FCS; and
vious studies suggested several possible mechanisms for AP-1 T-47D and ZR-75-1 breast cancer and H292 lung cancer cells were
inhibition by retinoid receptors. First, retinoid receptors are grown in RPMI-1460 medium with 10% FCS.
reported to physically interact with c-Jun and/or c-Fos (8, 9). Plasmid Construction-CAT reporter constructs TRE-tk-CAT
This interaction results in the mutual inhibition of their DNA and -73Col-CAT have been described (8, 17, 22, 24), as have expression

vectors for RARe, COUP-TF, c-Jun, and c-Fos (8, 17, 22, 24, 44).
binding and transactivation functions and could explain the pcDNA3-COUP-TFII C-terminal deletion mutants pcDNA3-COUP-TFlIA7,
cross-talk occurring between AP-1 and retinoid signaling. How- pcDNA3-COUP-TFIIA30, and pcDNA3-COUP-TFIIA108 were generated as
ever, a large excess of either retinoid receptor protein or c-Jun described (35). pcDNA3-COUP-TFII N-terminal deletion mutants were
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FiG. 2. Inhibition of AP-1 activity by COLUP-TF. A, inhibition of TPA-induced collagenase promoter activity by COUP-TF in HeLa cells. The
-73Col-CAT reporter was cotransfected without or with COUP-TFI expression vector (10, 20, or 50 ng) or the control pcDNA3 vector into cells.
After transfection, cells were incubated in DMEM medium containing 0.5% FCS for 24 h and then treated with or without TPA (100 ng/ml). After
12 h, the cells were harvested, and CAT activity was determined. B, inhibition of c-Jun-induced -73Col-CAT and TRE-tk-CAT activity by
COUP-TF in HeLa cells. The -73Col-CAT or TRE-tk-CAT reporter was cotransfected with/without c-Jun in the presence or absence of COUP-TFI
expression vector (10, 20, and 50 ng) into cells. After transfection, cells were incubated in DMEM medium containing 0.5% FCS for 24 h, and CAT
activity was determined. C, inhibition of c-Jun and c-Fos activities by COUP-TF in HeLa cells. The -73Col-CAT reporter was cotransfected
with/without c-Jun (50 ng) and/or c-Fos (50 ng) expression vectors either in the presence or absence of COUP-TFI or COUP-TFII expression vector
(10, 20, and 50 ng) into HeLa cells. The cells were then harvested, and CAT activity was determined.

constructed by cloning PCR products from COUP-TFII into pcDNA3 by Southern blotting and Northern blotting, respectively.
(Stratagene) using the following forward primers: TATAGGTACCAT- Preparation of Receptor Proteins-Receptor proteins for RARa, TR3,
GGCGCCGCCCGTGCCC for pcDNA3-COUP-TFIIAN25; ATATGGTA- COUP-TF, and its mutants were synthesized by in vitro transcription-
CCATGACGCCAGCCCAGACG for pcDNA3-COUP-TFIIAN50; AATT- translation using rabbit reticulocyte lysates (Promega) as described
GGTACCATGCACATCGAGTGCGTG for pcDNA3-COUP-TFIIAN75; previously (34). Amounts of translated proteins were determined by
and ATTAGGTACCATGCACCATCGCAACCAG for pcDNA3COUP- [2 •Slmethionine incorporation and SDS-PAGE with quantitation by

TFIIAN125. The oligonucleotide GTGGCAGTTGAGGGGATCC was incorporated radioactivity after normalization relative to methionine
used as the reverse primer for these mutants, content.

Transient and Stable Transfection Assays-HeLa cells (1 x 10' cells/ Gel Retardation Assay-A fragment of the collagenase promoter re-
well) were plated in 24-well plates for 16-24 h before transfection as gion -73 to +63 containing one AP-1-binding site (TRE) was excised
described (34, 35, 45), and other cancer cells (5 X 10' cell/well) were from a collagenase-CAT construct (8). In addition, the AP-1 binding
seeded in six-well plates. A modified calcium phosphate precipitation sequence 5'-GATCCGGATGAGTCACCA-3' was synthesized. Two frag-

procedure was used for transient transfections (34, 35, 45). Briefly, 200 ments were labeled with [l2P]dCTP for use as probes for protein-DNA
ng of reporter plasmid, 100 ng of )3-galactosidase of expression vector interaction. In vitro translated protein was incubated with the probe in

(pCH 110; Amersham Biosciences), and various amounts of each ex- a 2 0-pl reaction mixture containing 10 mm HEPES, pH 7.9, 50 mM KCI,
pression vector were mixed with carrier DNA (pBluescript) to give 1000 1 mm dithiothreitol, 2.5 mm MgC12, 10% glycerol, and 1 Ag of poly(dI-dC)

ng of total DNA/well. CAT activity was normalized for transfection at 25 °C for 15 min. DNA-protein complexes were resolved on 5%

efficiency to the responding O-Gal activity. For stable transfections, the nondenaturing polyacrylamide gels, and then gels were dried and an-

pRC/CMV-COUP-TF recombinant was transfected into MDA-MB231 alyzed by autoradiography.
and HT-1376 cells by the calcium phosphate precipitation method, and GST Pull-down Assay-To prepare glutathione S-transferase (GST)-

the stable clones were screened with G418 (Invitrogen) as described c-Jun or GST-c-Jun mutant fusion proteins, each c-Jun DNA or c-Jun

(35). Integration and expression of transfected cDNA were determined mutant fragment was cloned in frame into the expression vector
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A positive T-47D and ZR-75-1 breast cancer and Calu-6 lung

- -. . . . . cancer cell lines and in COUP-TF-negative MDA-MB231
RARa - - lx 5X - - breast cancer, H292 lung cancer, and HT-1376 bladder cancer

COUP-TF- - - .0.2X iX cell lines (35). AP-1 activity induced by TPA was determined by

transient transfection using the reporter -73Col-CAT, which
.4*c-Jun contains a TRE that binds AP-1 (8). TPA-induced reporter

activity was strongly inhibited in a trans-RA-dependent man-
ner in the COUP-TF-positive ZR-75-1, T-47D, and Calu-6 cell
lines. In contrast, trans-RA showed very little effect on TPA-

induced - 73Col-CAT activity in the COUP-TF-negative MDA-
MB231, H292, and HT-1376 cell lines. Thus, COUP-TF expres-
sion correlates positively with the ability of trans-RA to inhibit

AP-1 transcriptional activity.
Trans-RA-dependent and -independent Antagonism of AP-1

Activity by COUP-TF-The positive association between
COUP-TF expression and trans-RA-induced anti-AP-1 activity
suggested that COUP-TF was required for trans-RA to inhibit
AP-1 activity and that the absence of COUP-TF expression in

B MDA-MB231, H292, and HT-1376 cells might be responsible
c-Jun - . + . . + for the lack of trans-RA activity. Therefore, we transiently

COUP-TFI - 0.2X 0.5X X transfected the COUP-TF expression vector and the -73Col-
TR3 - IX CAT reporter into the COUP-TF-negative cell lines, in which

• -Jun trans-RA did not inhibit AP-1 transcriptional activity (Fig. 1B).
Upon COUP-TF transfection, trans-RA inhibited TPA-induced
reporter activity in both MDA-MB231 and H292 cells in a
COUP-TF concentration-dependent manner. Interestingly,
COUP-TF transfection alone produced some inhibition of AP-1

A: iactivity. This observation suggested that COUP-TF inhibited
4 .. AP-1 activity in both trans-RA-dependent and -independent

manners in MDA-MB231 and H292 cells. When evaluated in
HT-1376 cells, COUP-TF expression was able to inhibit AP-1
activity independently oftrans-RA (Fig. 1B). However, it failed

FIG. 3. Inhibition of c-Jun binding to DNA by COUP-TF. In vitro to confer the ability of trans-RA to inhibit TPA-induced re-
synthesized c-Jun was preincubated with the indicated molar excess of porter activity, even at high transfection levels, suggesting that
COUP-TF, RARa, or TR3. Unprogrammed reticulocyte lysate was trans-RA-dependent inhibition of AP-1 activity by COUP-TF is
added to maintain an equal protein concentration in each reaction. impaired in this cell line.
Following preincubation, the reaction mixtures were incubated with
"•2P-labeled collagenase promoter (A) or the TRE (B) and analyzed by gel The above results suggested that COUP-TF alone inhibited
retardation. The arrowhead indicates the c-Jun-binding complex. AP-1 activity. We then examined the anti-AP-1 activity of

COUP-TF in HeLa cells, in which TPA strongly induced the
pGEX-3X (Amersham Biosciences). Fusion proteins were expressed in transcription of the transfected -73Col-CAT reporter. Similar
bacteria using the manufacturer's procedure and analyzed by gel retar- to that observed in other cancer cell lines (Fig. 1B), COUP-TFI
dation assays and Western blotting (data not shown). To determine the cotransfection inhibited TPA-induced reporter activity in a
interaction between COUP-TF and c-Jun, the fusion proteins were COUP-TFI concentration-dependent manner (Fig. 2A). Co-
immobilized on glutathione-Sepharose beads. The vector protein (GST), transfection of COUP-TFII produced almost identical results
prepared under the same conditions as a control, was also immobilized.
Beads were preincubated with bovine serum albumin (1 mg/ml) at room (data not shown). Activation of collagenase promoter by TPA
temperature for 5 min. "S-labeled in vitro translated COUP-TF pro- occurs mainly through induction of AP-1 activity that activates
teins (2-5 Al, depending on translation efficiency) were then added to the TRE in the promoter (7). We therefore examined whether
the beads. The beads in 200 pl in EBC buffer (140 mM NaCI, 0.5%7 COUP-TF expression also interfered with transactivation ac-
Nonidet P-40, 100 mm NaF, 200 mm sodium orthovanadate, and 50 mM tivity of c-Jun homodimer and c-Jun/c-Fos heterodimer. Co-
Tris, pH 8.0) were rocked continuously for 1 h at 4 'C. After washing 5
times with NETN buffer (100 mM NaCI, 1 mm EDTA, 20 mm Tris, pH transfection of -73Col-CAT with the c-Jun expression vector
8.0, 0.5% Nonidet P-40), bound proteins were analyzed by SDS-PAGE into HeLa cells led to about 5-fold induction of reporter expres-
and autoradiography. sion (Fig. 2B), presumably due to activation of the collagenase

Northern Blotting-For Northern analysis, total RNAs were pre- promoter by the c-Jun homodimer. The c-Jun-induced -73Col-
pared using an RNeasy Mini Kit (Qiagen, Hilden, Germany). Total RNA CAT reporter activity was repressed when COUP-TFI expres-
(30 t~g) from different cell lines treated with or without trans-RA (10 s
M) in the presence or absence of TPA (100 nglml) was analyzed by sion vector was cotransfected. Similarly, -73Col-CAT reporterNorthern blotting as described (46). activity induced by c-Jun/c-Fos heterodimers was inhibited by

COUP-TFI and COUP-TFII (Fig. 2C). To determine that inhi-
RESULTS bition of collagenase promoter activity by COUP-TF was medi-

Correlation between COUP-TF Expression and Inhibition of ated by the TRE, we evaluated how COUP-TFI affected the
AP-1 Activity by trans-RA-We recently reported that expres- TRE-tk-CAT reporter, which has a TRE sequence fused to the
sion of COUP-TF is required for growth inhibition and apopto- thymidine kinase promoter (Fig. 2B). Our result showed that
sis induction by trans-RA in various cancer cells (35). Since cotransfection of COUP-TFI significantly inhibited c-Jun-in-
inhibition ofAP-1 activity by retinoids is known to contribute to duced TRE-tk-CAT activity (Fig. 2B). These results clearly
their anticancer effects, we studied whether COUP-TF expres- demonstrate that COUP-TF inhibits transcriptional activity of
sion was involved in the process. The effect of trans-RA on c-Jun homodimer and c-Jun/c-Fos heterodimer and that the
inhibiting AP-1 activity (Fig. 1A) was evaluated in COUP-TF- inhibition of AP-1 activity by COUP-TF on the TRE is respon-
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FIG. 4. Interaction of c-Jun and COUP-TF and their domain requirements. A, inhibition of transcriptional activity of AP-1 by COUP-TF
mutants in HeLa cells. Left, schematic representation of COUP-TFII and its mutants. The DNA binding domain (DBD) and ligand-binding domain
(LBD) of COUP-TFII are indicated. Right, effect of COUP-TFII mutants on AP-1 activity. The -73Col-CAT reporter was cotransfected without or
with c-Jun (100 ng) alone or together with the indicated COUP-TFII mutants (50 ng). After transfection, cells were incubated in DMEM containing
0.5% FCS for 24 h. After 12 h, the cells were harvested, and CAT activity was determined. Reporter activity is shown as percentage of inhibition.
B, interaction between c-Jun and COUP-TFs. c-Jun was synthesized in bacteria using pGEX-3X expression vector. GST-c-Jun fusion protein was
immobilized on the glutathione-Sepharose beads. As a control, the same amount of glutathione S-transferase was also immobilized on the beads.
In vitro translated 3 5S-labeled COUP-TF and its mutant proteins were then mixed with the beads. After extensive washing, the bound proteins
were analyzed by SDS-PAGE. The input proteins are shown for comparison.

sible for its antagonism of TPA activity, inhibitory effect of COUP-TF with that of RARa that is known
Inhibition of c-Jun Binding to DNA by COUP-TF-Inhibition to repress AP-1 activity and inhibit c-Jun binding to TRE (8).

of AP-1 activity by several nuclear receptors has been shown to Whereas an equal amount of COUP-TF significantly inhibited

be due to their inhibition of AP-1 binding to DNA (8, 9, 13-15, c-Jun binding to the collagenase promoter, an equal amount of
17, 22, 47). To study whether inhibition of AP-1 DNA binding RARa did not show any detectable inhibition (Fig. 3A). Inhibi-

by COUP-TF was involved in its inhibition of AP-1 activity, the tion of c-Jun binding required a 5-fold excess of RARa, similar
purified collagenase promoter fragment was used as a probe in to that observed before (8). The addition of trans-RA did not

gel shift assays for binding of in vitro synthesized c-Jun protein enhance the inhibitory effect of RARa (Ref. 8 and data not
in the absence or presence of COUP-TF protein (Fig. 3A). c-Jun shown). Together, these results demonstrate that the inhibi-
alone formed a strong complex with the promoter. However, tion of c-Jun binding to the TRE contributes to its suppression

upon preincubation with COUP-TF protein, c-Jun binding was of AP-1 transcriptional activity by COUP-TF and that
significantly inhibited. The addition of COUP-TF protein did COUP-TF is a more effective inhibitor than RARa.
not show any new complex formed with the collagenase pro- Interaction of c-Jun and COUP-TF-Our observation that
moter, indicating that the inhibitory effect of COUP-TF is not COUP-TF inhibits transactivation and DNA binding by c-Jun
due to its direct binding to the collagenase promoter. We also prompted us to examine whether COUP-TF and c-Jun interact

studied the effect of COUP-TF on binding of c-Jun to the TRE. directly using GST pull-down assay (Fig. 4). In vitro synthe-
Preincubation with COUP-TF protein similarly inhibited c-Jun sized radiolabeled COUP-TFII was specifically pulled down by

binding to the TRE derived from the collagenase promoter (Fig. bacterially expressed GST-c-Jun hybrid protein but not by GST
3B). As a comparison, preincubation of c-Jun with TR3 orphan protein (Fig. 4B), demonstrating that COUP-TF and c-Jun
receptor (34) that could not antagonize c-Jun transactivation interact in solution. To identify the domain of COUP-TFII
(data not shown) did not inhibit c-Jun binding to the TRE. This responsible for interacting with c-Jun, COUP-TFII deletion
result demonstrated that the inhibitory effect of COUP-TF on mutants (Fig. 4A) were constructed and analyzed on the

c-Jun binding to the collagenase promoter is not due to regions - 73Col-CAT reporter for antagonism of AP- 1 activity in HeLa

other than the TRE in the promoter. Next, we compared the cells (Fig. 4A) and for their interaction with c-Jun using the
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Fio. 5. The domain of c-Jun required for interaction with COUP-TF. A, schematic representation of c-Jun and its mutants. The amino
terminus (NH2 ), the basic region, the leucine zipper (bZIP), and the carboxyl terminus (C) are indicated. B, interaction between COUP-TF and
c-Jun mutants. c-Jun and its mutant proteins were synthesized in bacteria using the pGEX-3X expression vector (Amersham Biosciences).GST-c-Jun and the mutant fusion proteins (GST-c-JunAAval and GST-c-JunhbZIP) were immobilized on the glutathione-Sepharose beads. As a

control, the same amount of glutathione transferase was immobilized on the beads. In vitro translated 3 5S-labeled COUP-TFII was then mixed with
the beads. After extensive washing, bound proteins were analyzed by SDS-PAGE. Input proteins are shown for comparison.

GST pull-down assay (Fig. 4B). Cotransfection of the c-Jun %1 M8231 MB231/COUP#16
expression vector alone induced reporter transcription (Fig. o. a-
4A), whereas cotransfection with one of the C-terminal deletion 0 AZ& k , z

mutants COUP-TFIIA7, COUP-TFIIA30, or COUP-TFIIA108

strongly inhibited c-Jun-induced reporter activity, as was ob- COUP-TR c.-Jun

served using the wild-type COUP-TFII. N-terminal domain

deletion mutants, such as COUP-TFIIAN25, COUP-TFIIAN50, _ _ __tln _ ___Mtn

and COUP-TFIIAN75, also retained the inhibitory effect on M
AP-1 activity by COUP-TFII. In contrast, partial (COUP-TFIAN15) r cmpltedeletion of the DNA-binding domain FiG. 6. Stable expression of COUP-TF in COUP-TF-negative,
TFIIN125) or complete den RAR-positive MDA-MB231 cells restores the ability of trans-RA
(COUP-TFIIADBD) abrogated anti-c-Jun activity completely. to inhibit AP-1 activity. Total RNAs prepared from MDA-MB-231 or
In the GST pull-down assay, COUP-TFII mutants that MDA-MB231 cells stably expressing COUP-TF (MB231/COUP#16) (35)
effectively suppressed AP-1 activity, such as COUP-TFIIA7, treated with or without the indicated agents were analyzed for the
COUP-TFIIA30, COUP-TFIIA108, COUP-TFIIAN25, COUP_ expression of c-Jun. The expression of 3-actin is shown to confirm the

TFIIAN50, and COUP-TFIIAN75, were pulled down by GST-c- similar loading of RNA in each lane.

Jun protein, whereas COUP-TFIIADBD, which failed to sup-
press AP-1 activity, was not (Fig. 4B). Thus, inhibition of AP-1 HT-1376 HT-1376/COUP#7

transcriptional activity by the COUP-TFII mutants correlated O\
with their ability to interact with c-Jun. These observations CJ•-? e. 0 " " ,? q ''
further suggest that a direct c-Jun/COUP-TF interaction ac- COUP-TFI
counts for the inhibition of AP-1 activity by COUP-TF and that
the DBD of COUP-TF is essential. RARa

We also identified the region of c-Jun required for COUP-TF ___

interaction (Fig. 5). Deletion of amino acids 73-232 from c-Jun
(c-JunAAvaI) did not affect its ability to pull down COUP-TFII. RARI
In contrast, deletion of the C-terminal domain of c-Jun from "-jun
amino acid 191 to 331 (c-JunAbZIP), which encompasses the
leucine-zipper region and basic region, completely abolished its
ability to pull down COUP-TFII. Thus, the C-terminal domain, 13-actin
but not the N-terminal domain, of c-Jun is responsible for -COUP-TF interaction. Fmo. 7. Stable expression of COUP-TF in COUP-TF and BAR-

negative HT-1376 cells does not lead to trans-RA-dependent
Stable Expression of COUP-TF in COUP-TF-negative MDA- inhibition of AP-1 activity. Total RNAs prepared from HT-1376 or

MB231 Cells Restores the Ability of trans-RA to Inhibit AP-1 HT-1376 cells stably expressing COUP-TF (HT-1376/COUP 7) treated
Activity-To further examine the role of COUP-TF in trans-RA- with or without the indicated agents were analyzed for the expression
induced inhibition of AP-1 activity, we analyzed the effect of of c-Jun, RARa, and RARO. The expression of O-actin is shown toconfirm similar loading of RNA in each lane.
trans-RA on TPA-induced c-Jun expression in MDA-MB23 1

breast cancer cells and MDA-MB231 cells stably transfected
with COUP-TF (MB231/COUP#16) (35). Treatment of both cell RARa/l Expression-We also evaluated whether stable ex-
lines with TPA strongly induced c-Jun expression as deter- pression of COUP-TF affected TPA-induced c-Jun expression
mined by Northern blotting (Fig. 6). Induction of c-Jun expres- in HT-1376 bladder cancer cells (Fig. 7). The stable clone,
sion by TPA was probably due to an AP-1-binding site in the HT-1376/COUP#7, which expresses high levels of COUP-TF,
c-Jun promoter (7). Treatment with trans-RA did not affect was analyzed for the effect oftrans-RA on TPA activity (Fig. 7).
basal c-Jun expression in both lines and did not inhibit TPA- About a 4-fold induction of c-Jun expression by TPA was ob-
induced c-Jun expression in MDA-MB231 cells. However, pre- served in HT-1376 cells. However, the induction of c-Jun ex-
treatment of MB231ICOUP#16 cells with trans-RA completely pression was largely reduced in HT-1376/COUP#7 cells, with
abolished TPA-induced c-Jun expression. These results demon- only about a 2-fold induction. Interestingly, the basal level of
strate that COUP-TF expression is required for inhibition of c-Jun expression was also slightly reduced in HT-1376/
AP-1 activity in MDA-MB231 cells by trans-RA. COUP#7 cells. Despite the reduction of c-Jun expression in the

Stable Expression of COUP-TF Does Not Lead to trans-RA- absence or presence of TPA, trans-RA failed to inhibit basal
dependent Inhibition of AP-1 Activity in HT-1376 Cells Lacking and TPA-induced c-Jun expression in both wild-type and
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Fie. 8. Effect of COUP-TF and RARa coexpression on antagonism of AP-1 activity by trans-RA. The -73Col-CAT reporter was
transfected together with c-Jun alone or together with COUP-TF and/or RARa expression vectors into HT-1376 (A) or HeLa (B) cells. After
transfection, the cells were incubated in medium containing 0.5% FCS for 24 h and then treated with or without trans-RA. After 12 h, the cells were
harvested, and CAT activity was determined. The top panels show the percentage of inhibition of c-Jun activity by trans-RA based on data shown
in the bottom panels, in which filled bars represent control and open bars represent trans-RA treatment.

COUP-TF-expressing cells. Thus, COUP-TF expression is not the antagonism of AP-1 transactivational activity by trans-RA.
sufficient to confer trans-RA-induced anti-AP-1 activity in HT- COUP-TF, by physically interacting with c-Jun, inhibits AP-1
1376 cells. DNA binding and transactivation and is required for efficient

RAR Expression Is Required for COUP-TF to Facilitate An- inhibition of AP-1 activity by liganded RARs. Our results sug-
tagonism of AP-1 Activity by trans-RA-Our observations that gest that COUP-TF plays a role in the cross-talk between
transient (Fig. 1B) or stable (Fig. 7) expression of COUP-TF in retinoid and AP-1 signaling pathways.
HT-1376 cells failed to modulate antagonism of AP-1 activity We recently reported that the expression of COUP-TF posi-
by trans-RA led us to investigate RAR expression. Unlike tively correlates with the inhibition of the growth of various
MDA-MB231 cells that express RARa (48) and RAR/3 when cancer cell lines by trans-RA and that COUP-TF is underex-
COUP-TF is expressed (35), HT-1376 cells did not express pressed in many trans-RA-resistant cancer cell lines (35). Sta-
detectable RARa or RARP3 (Fig. 7), although RARy was ex- ble expression of COUP-TF in COUP-TF-negative cancer cells
pressed (data not shown). This result suggested that modula- restores their sensitivity to trans-RA, demonstrating that
tion of trans-RA-induced anti-AP-1 activity by COUP-TF might COUP-TF can mediate anticancer effects of trans-RA (35). By
require RARa or RARP3. The effect of RARa expression on the studying anti-AP-1 activity of trans-RA in various cancer cell
ability of COUP-TF to regulate trans-RA activity was then lines, we found a close correlation between COUP-TF expres-
examined using transient transfection in HT-1376 cells. The sion and the anti-AP-1 activity of trans-RA (Fig. 1). In COUP-
-73Col-CAT reporter was transfected into HT-1376 cells with TF-positive ZR-75-1, T-47D, and Calu-6 cancer cell lines (35),
or without c-dun and COUP-TF and/or HA~c vector. Trans- trans-RA strongly inhibited the ability of TPA to activate tran-
fected cells were treated with or without trans-RA. As shown inFig. 8A, transfected COUP-TF repressed AP-1 activity in the scription of the collagenase promoter, whereas in COUP-TF-
Fig.nceoftrans-RA.dn contrarepressedfected activity1in) thed negative MDA-MB231, H292, and HT-1376 cell lines, trans-RA
absence of trans-HA. In contrast, transfected HA~a (10 ag) led failed to suppress TPA activity (Fig. 1). This finding is consist-
to inhibition of AP-1 activity in a trans-RA dependent manner.
The addition of COUP-TF significantly enhanced the trans-RA- ent with a previous study showing that trans-HA effectively

induced inhibition of AP-1 activity by RARa (Fig. 8A). Similar inhibited AP-1 activity in ZR-75-1 and T-47D cells but not in

results were observed using HeLa cells (Fig. 8B). Thus, effi- MDA-MB231 cells (49). The requirement of COUP-TF in trans-

cient inhibition of AP-1 activity by trans-RA activity by RA-mediated AP-1 inhibition was further demonstrated by our

COUP-TF requires both COUP-TF and RARa. findings that transient expression of COUP-TF in COUP-TF-
negative cells (Fig. 1B) restored the ability of trans-RA to

DISCUSSION inhibit TPA-induced AP-1 transactivation and that stable ex-

Retinoids are effective growth inhibitors of cancer cells. In- pression of COUP-TF in MBA-MB231 cells enabled trans-RA to
hibition of AP-1 activity has been proposed as one mechanism inhibit TPA-induced c-Jun expression (Fig. 6).
by which retinoids exert their anticancer effects (6). Despite We have reported that COUP-TF expression contributes to
extensive studies in the last few years, how retinoids specifi- growth inhibition by trans-RA in cancer cells because
cally antagonize AP-1 activity remains largely unknown. Here, COUP-TF on binding to the RARp3 promoter induces RARO3
we provide evidence that COUP-TF is involved in regulating expression (35). RARP3 is reported to be a potent AP-1 inhibitor
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(24), suggesting that COUP-TF-induced RAR3 probably con- and SMRT (52). The interaction between COUP-TF and both
tributes to the inhibition of AP-1 activity (Fig. 6). Our obser- RAR and AP-1 may recruit transcriptional corepressors to the
vations that COUP-TF can effectively interact with c-Jun in complex, thereby enhancing the mutual repression of AP-1 and
vitro (Figs. 3 and 4) and inhibit AP-1 transcriptional activity on RAR transcriptional activity. Interestingly, COUP-TF inter-
transient transfection (Fig. 2) also suggest that COUP-TF is acts with a variety of nuclear receptors, including RXR (41), TR

directly involved in antagonizing AP-1 activity. (40, 50), estrogen receptor (53, 54), and peroxisome prolifera-
Inhibition of AP-1 activity appears to be a common charac- tor-activated receptor (55). It remains to be determined

teristic of nuclear receptors, as has been demonstrated for the whether and how COUP-TF is involved in modulating the

progesterone, estrogen, androgen, thyroid hormone, glucocorti- anti-AP-1 activity by their ligands.

coid, and retinoid receptors, which can functionally interact Acknowledgment-We thank Dr. Marcia 1. Dawson for reviewing the
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The retinoid 6-[3'-(1-adamantyl)-4'-hydroxyphenyl]-2-naphthalenecarboxylic acid (AHPN) and
its active analogues induce cell-cycle arrest and programmed cell death (apoptosis) in cancer
cells independently of retinoic acid receptor (RAR) interaction. Its analogue, (E)-4-[3'-(1-
adamantyl)-4"-hydroxyphenylI-3-(3'-acetamidopropyloxy)cinnamic acid (3-A-AHPC) selectively
antagonized cell apoptotic events (TR3/nur77/NGFI-B expression and nuclear-to-mitochondrial
translocation) but not the proliferative events (cell-cycle arrest and p21 wAF1'cnri expression)
induced by proapoptotic AHPN and its analogues. The syntheses of 3-A-AHPC and proapoptotic
(E)-6-[3'-(1-adamantyl)-4'-hydroxyphenyll-5-chloronaphthalenecarboxylic acid (5-Cl-AHPN) are
described. Computational studies on AHPN, AHPC, and three substituted analogues (5-Cl-
AHPN, 3-Cl-AHPC, and 3-A-AHPC) suggested reasons for their diametric effects on RAR
activation. Density functional theory studies indicated that the 1-adamantyl (1-Ad) groups of
the AHPN and AHPC configurations assumed positions that were nearly planar with the
aromatic rings of their polar termini. In contrast, in the configurations of the substituted
analogues having chloro and 3-acetamidopropyloxy groups, rather than a hydrogen, ortho to
the diaryl bonds, the diaryl bond torsion angles increased so that the 1-Ad groups were oriented
out of this plane. Docking and molecular dynamics of AHPN, AHPC, and these substituted
analogues in the RARy ligand-binding domain illustrated how specific substituents on the
AHPN and AHPC scaffolds modulated the positions and dynamics of the 1-Ad groups. As a
result, the position of RARy helix H12 in forming the coactivator-binding site was impacted in
a manner consistent with the experimental effect of each analogue on RARy transcriptional
activation.

Introduction interact with RARCL, whereas their inhibition of anchor-
Previously, we established that the retinoid 6-[3'-(1- age-independent (clonal) growth only correlated with

adamantyl)-4'-hydroxyphenyl]-2-naphthalenecarboxylic their transcriptional activation of RARo.7 Fitzgerald and
acid (CD437'IAHPN, 1 in Figure 1) inhibited cancer co-workers extended these observations of the correla-
cell growth and induced cancer cell apoptosis (pro- tion between growth inhibition by retinoids and RARi
grammed cell death) by signaling pathways that did not activation to other breast cancer cell lines.8 Our inability
involve the direct interaction of A-PN with the retinoic to observe a correlation between the inhibition of
acid receptor subtypes (RARs) a, 6, and y,2-5 which ovarian cancer cell growth and RAR subtype activation
function as nuclear transcription factors.6 AHPN was by AHPN and its analogues (AHPNs)9 underscored our
first reported as an RARy-selective retinoid.1 Earlier, hypothesis that AHPN signaling in cancer cells occurred
Dawson and co-workers had observed that the levels of through a pathway that did not involve the activation
MCF-7 anchorage-dependent cell growth inhibition by of RARs by this new class of apoptosis-inducing agents.
retinoids positively correlated with their abilities to Although the signaling pathway by which AHPN and

its analogues initiate apoptosis remains to be fully
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3165. Fax: 858-646-3197. E-mail: mdawson@burnham.org.
t The Burnham Institute. apoptotic pathway ofmitochondrial membrane potential
I Molecular Research Institute. change, mitochondrial cytochrome c release into thet SRI International.
'1 Wayne State University. cytosol, followed by the binding of cytochrome c to the
v Department of Veterans Affairs. apaf-12 complex that, in turn, activated procaspase-9.
:Oregon State University.

Current address: Discovery Partners International, Chem. RX The activated enzyme initiated a caspase cascade of cell
Division, 385 Oyster Point Blvd., South San Francisco, CA 94080. degradation that included irreversible morphological

10.1021/jm030524k CCC: $27.50 © 2004 American Chemical Society
Published on Web 06/05/2004



Alocker orAHPN-Induced Apoptosis Journal of Medicinal Chemistry, 2004, Vol. 47, No. 14 3519

changes, DNA cleavage, nuclear fragmentation, and C02H 2. N . Co0

other processes indicative of apoptosis. Ad 3 --

Our efforts to define this pathway led to the further XO1' X - is
discovery of a novel paradigm1° for the extranuclear HO 4 XOis

1aa~'' 1AHPN HRC2
behavior of the nuclear receptor TR3/nur77/NGFI-B 2 501-AHPN Cl N N3. CO2

(human/mouse/rat TR3)W-' 3 and retinoid X receptor 3 5-Me-AHPN Me

(RX,) 14 that, like the RARs, functions in the nucleus CO 2H • RR2

as a transcription factor. We established that AHPN and
its analogues induced the expression of TR3 and its 4 tTafsRATNN H H H

migration from the nucleus to mitochondria,' 0 where 17 5-Me-TTNN H Me H

TR3 modulated the function of the anti-apoptotic protein 1 N1-Me-1 TTNN H H Me

mdltd19 
3.Me-MTN MeH H

Bcl-2, which typically protects mitochondria from apo- , C02H

ptotic insults.15 On interacting with TR3, Bcl-2 was no

longer able to protect the cell from apoptosis but 5 9-CS-RA C02 H

underwent a conformational change that promoted --

apoptosis.16 We also discovered that chemotherapeutic CO2H QA0  20 R013-7410

drugs, such as etoposide, were able to induce prostate 002H

cancer cell apoptosis through this pathway.10  x

An apoptotic signaling pathway for the AHPNs that 1x

does not involve typical RAR signaling is actually 6 CH27 C(CH2)2 21 TTAB

advantageous. The retinoids currently approved for the 8 CMe 2

treatment of cancer and other proliferative diseases-- C02H

all-trans-retinoic acid (trans-RA, 4), 9-cis-RA (5), 13-cis- Ad NN NN CO2H

RA, and Targretin/bexarotene (6)-have adverse )IO . ' X

effects.17- 29 In retinoid-treated patients, these effects HO __s s

have included hypertriglyceridemia leading to pancre- 9 3-Cl-AHPC C1 3'

atitis, pseudotumor cerebri, RA syndrome (respiratory 10 3-A-AHPC '0 -'"ýNHAc 22 DOtIiolane

Sand teratogenesis, all of which 11 AHPC H Ad I

failure), hypothyroidism,Me Ad

limit effective dosage and discourage compliance. Tran- is OEt H"

scriptional activation of RARy by retinoids has been 14 0 •'-"NH2

reported to correlate with retinoid toxicity.3°-3 3 In Figure 1. 6_[3'.(l-Adamantyl)-4'-hydroxyphenyl]-2-naphtha-
addition, transformed cells often lose sensitivity to lenecarboxylic acid (AHPN, 1); AHPN analogues 5-chloro-

AHPN (5-Cl-AHPN, 2) and 5-methyl-AHPN (5-Me-AHPN, 3);
growth inhibition by retinoids through the loss of retinoic acid receptor (RAR)-selective agonist trans-retinoic

functional RARs, particularly RARfl, which has been acid (trans-RA, 4); RAR and retinoid X receptor (RXR) pan-

thought to function as a tumor suppressor.34-38 agonist 9-cis-retinoic acid (9-cis-RA, 5); RXR-selective retinoids

Recently, we identified two new apoptotic AHPNs: Targretin (11247, 6), 11173 (7), and 11345 (8); (E)-4-[3'-(1-

6_[3'.(1.adamantyl)-4'-hydroxyphenyl]-5-chloro-2-naph- adamantyl)-4'-hydroxyphenyllcinnamic acid (AHPC, 115; AHPC

thalenecarboxylic acid (5-Cl-AHPN, 2)39 and (E)-4-[3'- analogues 3-chloro-AHPC (3-CI-AHPC, 9), 3-(3'-acetamido-

c acid propyloxy)-AHPC (3-A-AHPC, 10), 3-Me-AHPC (12), 3-EtO-
(l~adamantyl)-4'-hydroXyphenyl]-3-chlorocinami~c acid AHPC (13), and 3-(3'-aminopropyloxy)-AHPC (14); RARfl,y-
(3-Cl-AHPC, 9).40 Herein, by using diverse computa- selective (E)_4.(5',6",7",8'-tetrahydro-5',5",8",8'-tetramethyl-2"-
tional chemistry approaches in combination with bio- naphthalenyl)cinn acid (15), 6-(5',6',7',8-tetrahydro-

assay results, we present a rationale for the lack of 5',5',8',8'-tetra •hyl-2'-naphthalenyl)-2-naphthaler1ecar-

retinoid transcriptional activity displayed by these boxylic acid (TTNN, 16), 5-Me-TTNN (17), 7-Me-TTNN (18),

substituted AHPN analogues. We also report the syn- 3'-Me-TTNN (19); RARa-selective antagonist Ro41-5253 (20);

ssof the related antagonist, 3-(3'-acetamidopropyl- RAR-selective agonist 4-(5',6',7',8'-tetrahydro-5',5',8',8"-tetra-
thesis o emethyl-2'-anthracenyl)benzoic acid (TTAB, 21); and RARy-
oxy)-AHPC (3-A-AHPC, 10) in addition to that of the selective antagonist 2-(5',6',7',8'-tetrahydro-5',5',8',8'-tetra-

apoptosis inducer 5-Cl-AHPN. Our studies showed that methyl-2'-naphthalenyl)-2-(6'-carboxynaphthalene)-l,3-dithio"

3-A-AHPN blocked the apoptotic signaling pathway lane (11253, 22).

induced by AHPN (1), 5-C1-AHPN, and 3-C1-AHPC in namic acids were far more readily available than those

cancer cells and the binding of labeled AHPN to its for similarly substituted nhphthalenecarboxylic acids.

putative nuclear receptor 4 without impacting the ability Second, we hypothesized that by replacing the naph-

of AHPN and its proapoptotic analogues to induce cell- thalenecarboxylic acid moiety of AHPN with a cinnamic

cycle arrest 2 and the expression of the cyclin-dependent acid group we would reduce retinoid activity. Prior to

kinase inhibitor p21wAF1CcIPi.s 1990, we had synthesized the cinnamic acid 1541 as an

Design/Synthesis analogue of the retinoid TTNN (16).42 This strategy was
not particularly useful for retiiqoid design as evidenced

Shortly after our observation of the apoptotic activity by the two-log higher EC5o value determined for 15 in

of AHPN (1),2 we undertook the synthesis of analogues, reversing the keratinization of vitamin A-deficient

including 5-CI-AHPN (2), 3-GI-AHPC (9), and AHPC tracheal epithelium in organ culture (TOC assay) com-

(11), with the goal of removing retinoid activity to pared to that of TTNN. 4
1 We subsequently found that

reduce any adverse effects that would be associated with the activity of retinoids in the TOC assay41'43 correlated

transcriptional activation of the RARs. We elected to with their ability to transcriptionally activate the RARs

focus on the E-cinnamic acid scaffold of AHPC for two bound to their RA-responsive elements (RAREs) in the

reasons. First, synthetic precursors to substituted cin- promoter regions of retinoid-responsive genes. There-
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Table 1. Cancer Cell Apoptosis and Growth Inhibition Activities induced by AHPN, AHPC, and Analogues Compared to Their
Calculated Inter-Ring Dihedral Angles

apoptosis (%)a . growth inhibition (%)b

HL-60R (24 h) MDA-MB-231 (96 h) H460 (144 h)

analogue 0.1 x 10-6 M 1.0 x 10-6 M 0.5 x 10-6 M 1.0 x 10-6 M 0.1 X 10-6 M 1.0 x 10-6 M anglec (deg)

AHPN (1) 78 , ' 98 - 26 46 20 80 31
5-Me-AHPN (3) 29 70 14 - - - 29
AHPC (11) 90 98 53 58 - - 21
3-Me-AHPC (12) 10 95 5 30 - - -

3-EtO-AHPC (13) 0 29 _d - 14 52 -

5-C1-ABPN (2) 62 94 21 41 56 71 61
3-C1-AHPC (9) 51 94 31 43 - - 51
3-A-AHPC (10) 0 0 0 1 - - 70

Average of triplicates ± -< 10% for HL-60R leukemia and MDA-MvB-231 breast cancer apoptosis as determined by acridine orange
staining. bAverage of triplicates 4- <10% for H460 lung cancer apoptosis as determined by DAPI staining. cAHPN scaffold 5-6-1'-2' or
AHPC scaffold 3-4-1'-2' dihedral angle determined by AML. dNot determined.

fore, we rationalized that AHPC, the cinnamic acid Fortunately, further work indicated that introducing
analogue of AHPN, would have comparably reduced an electronegative chloro group at a position ortho to
retinoid agonist activity. This hypothesis only held for the diaryl bond on the AHPN and AHPC scaffolds
the activation of RARa by AHPC. Transcriptional acti- satisfactorily reduced RAR activation activity. Both
vations of RAR subtypes a, P, and V on the (TREpal)2- 5-Cl-AHPN (2)39 and 3-Cl-AHPC (9)40 were efficient
tk-CAT reporter induced by 1.0 x 10-6 M JH-PC were inducers of apoptosis but had minimal ability to activate
8%, 85%, and 103%, respectively, whereas those induced the RARs.S9,40 Therefore, a means of blocking the ability
by 1.0 x 10-6 M AHPN were 21%, 78%, and 88%. of an ANPN analogue to activate the RARs was avail-
Fortunately, because apoptosis-inducing activity was able. Moreover, while neither trans-RA (4) nor 9-cis-RA
retained by AHPC, we pursued further modifications (5) was able to displace labeled AHPN 4 from the
of the AHPC scaffold. The synthesis and apoptotic putative AHPN receptor in HL-60R cell extracts, non-
activity of AHPC were recently reported by Cincinelli labeled AHPN (1) and 5-C1-AHPN (2) were effective
et al." competitive inhibitors.4 These results provided ad-

Introducing a methyl group at the 5- or 7-naphthalene ditional evidence that AHPN and analogues such

ring position of TTNN (16), which was ortho to the as 5-Cl-AHPN and 3-Cl-AHPC induced cancer cell

central diaryl bond, also decreased retinoid agonist apoptosis through a pathway that did not involve RAR

activity, as was evidenced by the higher ECGo values for signaling.
5-Me-TTNN (17) and 7-Me-TTNN (18) in the TOC assay Because access to an antagonist would facilitate
compared to that of TTNN.41 The ED5o values for both probing AHPN-signaling pathways, we also accom-
analogues in inhibiting the induction of mouse epider- plshed the design and synthesis of 3-A-AHPC (10). Its
mal ornithine decarboxylase (ODC) by the tumor pro- design was based on our observation that the apoptotic
moter 12-O-tetradecanoylphorbol-13-acetate were also activities of AHPN analogues decreased as the length
higher than that for TTNN.45 As in the TOC assay, the of their substituents at the 3-cinnamyl ring and 5-naph-
inhibitory activities of retinoids in the ODC assay45  thyl ring positions increased without comparable de-
correlated with their abilities to function as RAR trans- creases in their abilities to compete with tritiated AHPN
criptional agonists on an RARE such as the TREpal,46 for binding to the putative AHPN receptor in HL-60R
a synthetic RE6 used to evaluate the transcriptional leukemia and MDA-MB-468 breast cancer cell nuclear
activation of both RAR and retinoid X receptor (RXR) extracts.4 HL-60R cell apoptosis induced by 24-h treat-
subtypes by retinoids.47-5 2 The 3'-methyl analogue (19) ments with 1.0 x 10-6 M AHPC (11), 3-Me-AHPC (12),
of TTNN also had lower activity in the ODC assay.45 and 3-EtO-AHPC (13) was 98%, 95%, and 29% respec-
Moreover, by introducing a 3'-methyl group onto the tively, of the vehicle-alone treated control (Table 1). The
tetrahydrotetramethylnaphthalene (TTN) ring of a re- Fontana group has found that this leukemia cell line
tinoid that bound RXRs to inhibit its interaction with was particularly convenient for assessing apoptosis
the homologous RARs, we successfully obtained highly induced by AHPN analogues without the interference
RXR-selective retinoids such as 6-8.51-54 The use of this of possible interactions with RARs. Standard retinoids
strategy was also reported by other groups.55,56 On the such as trans-RA (4) and 9-cis-RA (5) were unable to
basis of these findings, we elected to introduce methyl induce apoptosis at similar concentrations because the
groups ortho to the diaryl bridges of AHPN (1) and RAR8 and RARV proteins were absent and the RARoL
AHPC (11). Replacing the TTN ring of TTNN (16) by a mutant present was dysfunctional in competently bind-
3'-(1-adamantyl)-4'-hydroxyphenyl group was also found ing standard retinoids due to the deletion of its carboxyl
to reduce retinoid agonist activity.' We combined these terminus.5 8 In MDA-MB-231 breast cancer cells, which
features in 5-Me-AHPN (3), which at 1.0 x 10-7 M had were also resistant to growth inhibition by RAR-selec-
growth inhibitory activity approaching that of AHPN tive retinoids 2 (data not shown), 96-h treatments with
on MCF-7 and BT-20 breast cancer cells and was also 1.0 x 10-6 M AHPC and 3-Me-AHPC produced 58% and
not able to activate RARa. However, its activations of 30% apoptosis, respectively. These results also support
RARfl and RARy were enhanced. 57 Thus, this strategy a retinoid-independent signaling pathway for the
for designing AHPNs lacking RAR transcriptional ac- AHPNs, as well as our findings about the impact of the
tivation activity required modification. substitutents ortho to their diaryl bonds on apoptosis.
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Scheme 1a
Y 0C02Ra-c Br,, q 2 dAC02-R,

Br" sKBr Ad' T /••"

OH OR OBn NHR2
B B _L. RO

23 H 25 H 27 CH20H R R1 B2
24 Et 26 Bn 28 CHO f-h 39 Bn Et H

40 Bn Et Ac
41 H Et Ac

N. CO2Et 10 H H Ac

Br'INH 3 Br B m, n, g,o

32 OR C02Et

i329 Bn Ad ,
30 H

Br_'ýNH-t-Boc 31 (CH2) NIH-t-Boc) E O-.NH+tBoc
33 BnO-0

38

BOIr J, c,k Ad~r X g, 0,
34 R..L Ad

35 H Br Ad
36 Bn Br 0I,,NR
37 Bn B(OH) 2  HO:1:

42 Et t-Boc
43 Et H
14 H H

a (a) EtOil, MeSOaH Phil, reflux. (b) Br2, HOAc. (c) Bn~r, Na2COs, Me2CO, Et2O)THF, -78 *C, reflux. (d) DIEBAL, THF, -78 *C;

Ha-1 (e) POC, CH2CI2. (f) [(Et0)2PCO)CH 2CO 2Et, KNCSiMea)2j, -78' to 20 TC. (g) BBr3, CH2CI2, -78 00; H120. (h) 33, K2C0s, Me2 00,

reflUX. (i) (t-Boc)20, EtSN, MCIlz 0-20 TC. CQ) 1-AdOH, H12S0 4, 0112012. Ck) En-BuLi 9,THF]; B(Oi-Pr)3; H3' (1) Pd(PPhS)4, aq Na2CO3,

reflux. Cm) ilsO+, EtOil, reflux. (n) Ac2O, py, CH2CI2. (o) NaOH, MeOH, reflux; Hs+

The synthesis of 3-Cl-AHPG (9) was previously re- Scee2

ported by our group.40 Antagonist 3-A-AHPC (10) was . 11Il C02H N N C02Et d-f
synthesized by a similar route, which is shown in a YO'
Scheme 1. The challenge in the syntheses of 3-A-AI{PG OY

and its free amine (14) was the presence of three Y
ractive grus(phenolic hydroxyl, carboxylic acdd and 45 1

amide) that required selective protection and deprotec- 47 C1 Tf

tion so that both compounds would be accessible from 0R

intermediate 38. For this reason, the tert-butylcarbonylN C0R

group was used to protect the amine so that its removal
could be achieved in the presence of both benzyl and RD - CI

ester protecting groups, but the amine group would B ~
remain protected during the removal of the benzyl group . -48 H Et

using boron tribromide at -78 *C. Briefly, the diaryl 2 H H

bond of 3-A-AHPC was introduced using a palladium(O)- a (a) EtOil, 112804, reflux. (b) S0 2012, HOAC, 70 TC; 1120. (C)

catalyzed diaryl coupling of the aryl boronic acid 3739 CCFaSS2)20, pyridine, 0112012, 0-20 TC. Cd) 37, Pd(PPh3)4, LiCi,

with the protected (E)-4-bromocinnamate 31. A three- aq Na2CO3, DME. (e) BBr3, CH01 2C' -78 TC; H120. (f) aq NaOH,

step sequence allowed the selective removal of the EtOil, reflux; HsO+. 1

protecting groups from 38, which was immediately reotdoocuatheo-sion9 laim-t-
transformed to 10 and its related amine (14). The latter repored tory cocurln at thiae 47,poshicnh5 wasadeium-ata
will be tethered to a support for use in the afffinity fyzed d6itharylculigofroiflatid 47, whcasd deprocived
purification of the AHPN receptor protein from HL-60R frm4,wt rlooi ai 7addpoeto

nuclear extracts. 4 The E-cinnamyl double bond of in- provided 5-Cl-AHIPN in 22% overall yield for the six

termediate 29, from which 31 was derived, was intro- steps beginning with 44.

duced by the Horner-Emmons-Wadsworth olefination CoptinaSude
of aldehyde 28 using the anion of triethyl phosphono- Co utinaSude

acetate. Isomer 29 was readily separated from a small LI.gand Determinants of Transcriptional Activa-

amount (< 5%) of the related Z-isomer by chromatogra- tion'. Often, molecuilar deterrnin9.nts that affect nuclear

phy. The overall yield of the 11-step convergent se- receptor transcriptional activation can be due to subtle

quence from 23 to 10 was 12%. effects of the ligand on receptor conformation. 6063 Small

The synthesis of 5-Cl-AHPN (2) is outlined in Scheme changes in the properties of a ligand group may signifi-

2 and resembles that reported for 3-Cl-AHPC (91.40 The cantly alter either the binding mode of the ligand to the

5-chloro group of 46 was introduced specifically by receptor or the magnitude of the interaction of the

ct-chlorination of ,ethyl 6-hydroxy-2-naphthalenecar- ligaxid with receptor binding-site residues so as to

boxylate (45) using sulfiiryl chloride, as had been profoundly affect conformation. Our docking and mo-

expected because the chlorination of ý-naphthol was lecular dynamics studies suggested that its large 3-(3'-
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acetamidopropoxy) group rendered 3-A-AHPC (10) in- A A

capable of transcriptionally activating RARy by prevent-
ing helix H12 from forming the coactivator-binding site.
Therefore, with the binding of the coactivator protein
blocked,64 the recruitment of the multiprotein complex
responsible for gene transcription could not occur.6 5 Thenegative effect of the 3-(3"acetamidopropoxy) group of.
3-A-AHPC on RAR activation activity was not surpris- N() 5CAIP(23-CHK@
ing because a methyl group at the 3'-position of the TTN Ad 3-W Ad

ring enhanced the RXR selectivity of retinoids, and Ad
longer 3'-alkyl groups decreased RAR transcriptional
activation in analogues of TTNN (16) and other retin-
oids.6' 67 For example, Ro-41-5253 (20) having a 3'-
heptyloxy substituent was a potent RARoL antagonist, 66

and the 3'-butyl analogue of 11173 (7) antagonized AHPC M1I) 34C-APC (9) SAAHPC (10)

RXRa activation by 9-cis-RA (5).60 Further computa- B 12
tional probing of AHPN and AHPC analogues having (

similarly situated substitutents suggested that some -4o-5-C--AHPN (2)~ ~ S " -- . . - I A P N ( 2 )

ortho groups prevented RAR agonism by a more subtle " AkPC
means than by causing large changes in the LBD --*-3'-C-AHPC (9)•-*-3-A-AHP (10)
conformation that were distinct from rinse caused by 6 B *3A-AHPC (10)
AHPN (1). Our experimental results supported this
conclusion. The ortho Cl group prevented RARP and 4

RARy transcriptional activation by both 5-Cl-AHPN (2) W 2
and 3-Cl-AHPC (9). In contrast, the similarly sized 5-
and 3-methyl groups of 5-Me-AHPN (3)57 and 3-Me- 0
AHPC (12), respectively, did not produce similar effects 10 20 30 40 50 60 70 80 90

on RARs P3 and y. Dihedral angle ()
To understand why chloro group substitution ortho C 120 11 31 9 2

to the diaryl bond in AHPN analogues negatively A
impacted RAR activation, whereas a methyl group did 1100o A
not, computational studies were conducted using both * A . .A

the structure reported for the crystalline RARy LBD- 80 A RARY

trans-RA (4) complex (Protein Data Bank (PDB) entry 60•a

3LBD) and small-molecule ab initio computational 60
methods. In these studies, electron-correlation effects 4
were included to accurately determine the torsional
potential surface of each compound, which depicted how , 20
conformational energy varied as a function of torsion A * A
angle size. Because the results of density functional o 0 .

theory (DFT) calculations on the torsional energy bar- 20 40 " I so
riers of substituted biphenyls6 8 were in good agreement -20 Dihedral angle (I)
with experimental values, 6 9 nonlocal DFT low-energy Figure 2. Ortho substituents affect the inter-ring (diaryl)
conformations and torsional potential surfaces were bond twist in AHPN (1) and its analogues. A. Comparison of
determined for AHPN (1), 5-Cl-AHPN (2), 3-Cl-AHPC DFT geometry-optimized structures of AHPN and 5-C1-AHPN
(9), 3-A-AHPC (11), and AHPC (12). The torsional (2) (top row), and AHPC (11), 3-Cl-AHPC (9), and 3-A-AHPC
potential surfaces were computed by parametrically (10) (bottom row). Differences in inter-ring twist angles and,
varying the diaryl bond torsion angles while fully consequently, structure widths are depicted. Compounds are

shown in space-filling format with C and Cl colored in green,
optimizing all other atomic positions for each step. CPK 0 in red, N in blue, and H in white. B. Low-energy inter-ring
models of the optimized lowest-energy configurations of dihedral angles reflect differences in the torsional potential
these AHPNs are illustrated in Figure 2A. The torsional surfaces of AHPN, AHPC, and their analogues that are
potential surface for each analogue was mapped as a modulated by substitutents ortho to the diaryl bond. Total
function of the change in the diaryl bond torsion angle energy calculated for each complex as a variable of the 5-6-

a 3-4-l'-2' 1'-2' AHPN or 5-Cl-AHPN or the 3-4-1'-2' 3-Cl-AHPC or5-6-1'-2' for AHPN and 5-C-AHPN and 3-3-A-AHPC torsion angle was plotted. C. Impact of substituents
for AHPC, 3-Cl-AHPC, and 3-A-AHPC, and is depicted ortho to the diaryl bond on torsion angles of AHPN, AHPC,
graphically in Figure 2B. The relaxed potential surface and their analogues and on their RARs a, fi, and y and EXRa
scans indicated that the torsional potential surfaces of transcriptional activation activities. Notice that on the AHPN
AHPN and AHPC were significantly different from and AHPC scaffolds that are selective for transcriptional
those of the three substituted analogues. The geometry activation of RARe and RARy, the chloro group had a far
optimization and the potential surface results implied greater negative impact on receptor activation than a methyl

that the preferred shapes for low-energy conformations group.
of AHPN and AHPC were more planar. Therefore, we sary for coactivator binding and transcriptional activa-
hypothesized that if binding by a compact linear ligand tion, the diaryl torsion angles of 5-Cl-AHPN and 3-Cl-
was required to induce the RARy conformation neces- AHPC would have been compressed to such an extent
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that the potential energies of their complexes with the LBD, as reflected in the relative calculated distances

RARy LBD would have had to rise to energetically between their 1-Ad carbons and the RARy H12 iso-

disfavored levels. Consequently, any binding by 5-Cl- leucine-412 backbone Ci (Figure 3C) and side-chain

AHPN and 3-C1-AHPC to the RARy LBD would favor CD1 (Figure 3D) carbons during the periods of close

inactive' or antagonist-like holo-receptor configurations. contacts of each ligand with helix H12, were quite

In Figure 2C, the negative correlation between torsional different. The time-dependence plots for the AHPN-

angle size and RAPO and RARy transactivation is helix H12 contact distances showed only the small

presented graphically for six of the analogues listed in fluctuations characteristic of tight or compact contacts,

Table 1. As shown, RXRc. was not activated by these whereas those for the 5-Cl-AHPN-helix H12 contact

analogues, and RARTh activation was very low or not distances showed the significant structural fluctuations

existent. indicative of a larger range of contact distances. These

We used molecular dynamics to explicitly test the results suggested that the time-dependent dynamics of

hypothesis that binding of 5-C1-AHPN (2) or 3-C1-AHPC the conformations of helix H12 in the RARy LBD when

(9) would induce an RARy antagonist conformation. Our bound by ARPN or an analogue were significantly

results are presented in Figures 2 and 3. Docking of affected by the identity of the substituent ortho to the

5-Cl-AHPN into the RARy ligand-binding pocket (LBP), diaryl bond in AHPN and its analogues.

which was obtained from the X-ray crystallographic Initial docking of 3-A-AHPC (10) to the RARy LBD

structure of the human RARy LBD-9-cis-RA (5) com- produced low-energy configurations similar to those

plex,66 using the energy-based Larmarkian Genetic observed for 3-Cl-AHPC (9) for the interactions between

Algorithm (LGA) produced lowest-energy configurations the 3-A-AHPC carboxylate and the RARy LBD arginine-

in which the 5-Cl-AHPN carboxylate group interacted 278 and serine-289. In fact, one such docked configu-

with the LBD helix H5 arginine-27 8 (Figure 3A), as had ration showed that the 3'-acetamidopropoxy group (3-

the 9-cis-RA carboxylate,65 and with the hydroxyl side- A) of 3-A-AHPC contacted the same helix H12 residues

chain of serine-289, which was located between the two and that the 3-A acetamido group was oriented toward

P-sheet regions adjacent to the LBP (data not shown). the helix H1l arginine-396 (see Figure 3B). In addition

The 3'-(1-adamantyl) (1-Ad) group of docked 5-Cl-AHPN to producing the same contacts as those of AHPN

nestled against the LBP hydrophobic groups of tryp- (shown in Figure 3A), the greatly accentuated twist in

tophan-227 on helix H3 and those of isoleucine-412 and the diaryl bond of 3-A-AHPC produced nonplanar

methionine-415 on helix H12 (Figure 3A). The 9-cis-RA configurations in which the orientations of its 1-Ad

fi-cyclogeranylidene ring made similar contacts.65 In the group permitted close contacts with residues near and

5-Cl-AHPN-docking simulation, LBD helices H1l and on helix H12, including leucine-416 (Figure 3E)..

H12 formed portions of "the roof' of the LBP, as was In Figure 3F are shown portions of the dynamics

reported for the RARy LBD-9-cis-RA complex.65 Dock- trajectory analyses of solvated RARy LBD complexes

ing of AHPN (1) into the LBP yielded a low-energy with AHPC (11) and 3-A-AHPC (10), in which periodic

binding configuration comparable to that observed for boundary conditions and particle-mesh Ewald summa-

5-Cl-AHPN (Figure 3A). These results suggested to us tions of electrostatic interactions were employed to

that the effects of the substituent ortho to the diaryl provide realistic boundary forces, the damping of surface

bond could not be explained by the initial configuration fluctuations, and the elimination of electrostatic poten-

of the ligand docked in the holo-RARy LBD complex but tial truncation artifacts. These simulations having a

resulted from time-dependent receptor-ligand complex realistic boundary force, which provided fluctuation

conformational effects. damping at the surface of the protein, revealed that the

The superposition of the 300-ps molecular dynamics 3-A group of 3-A-ARPU caused larger local fluctuations

configurations resulting from the simulations of the in residues proximate to helix H12 than the 3-chloro

RARy LED complexes with AHPN (1) and 5-Cl-AHPN group of 3-Cl-AHPC did on the basis the 1-Ad C-
RA~yLBDcomlexe wih APN 1) ad 5C1-HPN leucine-416(CD 2 ) C distances over time (Figure 3,

(2) is shown in Figure 3B. Because the docked configu-

rations of AHPN and 5-Cl-AHPN overlapped signifi- panels E and F). These results were clearly analogous

cantly at their carboxylate termini, only 5-CI-AHPN and to those shown for AHPN (1) and 5-C1-AHPN (2) in

the nearby LED helical backbones in both conformations Figure 3C. While the compact shape of AHPC allowed
the eary LD hlica bakboes n boh cnfomatons intimate contacts between AHPC and residues 411-416

have been displayed so that backbone differences near inthe H12, betwe e of and produ ced

the docked compounds were visible. While the position on helix H12, the twisted shape of 3-A-AIIPC produced

of the helix H1o backbone of the RARp LED was almost perturbations in local dynamics on short subnanosecond

invarnth ithelx to b cboneformations, portioB s aofsth time scales that were significant enough to cause the

invariant in the two conformations, portions of the transient opening of the LBP to the LBD surface to

backbones of helices Hll (residues 393-403) and H12 allow the entry of "bulk" water. The greater fluctuations
(residues 410-415) adjacent to the docked compounds evident in the distance plot for 3-A-AHPC shown in

differed appreciably. These differences were also evident Figure 3F and the finding that LBP opening to the

on comparing the distance-time series that tracked the surface enabled bulk'water entryhaggested that the 3-A

AHPN and 5-Cl-AHPN-helix contact distances (Figure group had perturbed local dynamics.

3 panels C and D, respectively). Compared to the

5-hydrogen, the 5-chloro group significantly impacted Biological Results
the compound shape (Figure 2A) and the torsional

potential surface (Figure 2B), both of which, in turn, The binding of 3-C1-AHPC (9) to the RAR subtypes

impacted the forces on helix H12 (Figure 3A) and its and RXRoL was determined in competition radioligand-

conformation (Figure 3B). As a result, the time-depend- binding experiments using the recombinant receptor

ent conformations of their complexes with the RARy subtype LBDs and their panagonist ligand P3H]9-cis-RA.
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Figure 3. A substituent ortho to AHPN inter-ring bond affects time-dependent contacts between the 3'-(1-Ad) group and RARy
LBD helix H12. A. Energy-based docking of 5-C1-AHPN (2) in the RARy LBD. The lowest energy-based docked 5-C1-AHPN
orientation (shown in ball-and-stick format without H-s) and residue contacts in the RARy LBP pocket are shown. The RARy
LBD-9-cis-RA (5) 3LBD crystal structure65 was used for docking. The contacts of the 1-Ad group, including those with the isoleucine
(Ile)-412 CD1 carbon of helix H12, are shown. Atom colorations are as in Figure 2A and S is in yellow; only Hs on side-chain
heteroatoms are depicted. B. AHPN (1) and 5-C1-AHPN have differential effects on the local RARy LBD backbone conformation.
The 300-ps time-points of MD simulations of AHPN (white) and 5-C1-AHPN (magenta) in the RARy LBD were superposed. To
highlight differences, only the backbone atoms of RARy LBD residues 371-418 and 5-C1-AHPN are shown. The 3'-(1-Ad) and
4'-OH groups of 5-C1-AHPN are viewed head-on. ABPN with the exception of the 3'-(1-Ad)-4'-OH-phenyl group had the same
configuration as 5-C1-AHPN in the LBP. The conformations of helix H10 (375-392) are similar, whereas those for helices H11
(393-403) and H12 (410-415) that are proximate to the 1-adamantyl (1-Ad) contacts are perturbed in the RARy LBP-5-C1-
ABPN complex (magenta arrows) compared to the AHPN-bound conformation (gray arrows). C and D. Time dependence of the
distance between the helix H12 isoleucine (Ile)-412 backbone Ca (C) or the side-chain CD1 (D) carbon (labeled in panel A) and
the l-Ad carbons of AHPN (solid line) and 5-C1-AHPN (dashed line) in simulations of AHPN and 5-C1-AHPN bound to the RARy
LBD are depicted graphically. E. Docking demonstrates 3-A-AHPC (10)-RARy LBD helix H12 contacts. As a result of the larger
diaryl bond dihedral angle, the 3-A side-chain and the 1-Ad group of 3-A-AHPC contact Ile-412 and leucine (Leu)-416, respectively.
Both amino acid residues and 3-A-ABPC are represented in matchstick format with hydrogens shown in gray and other atom
colorations as in Figure 2A. F. Results of molecular dynamics on AHPC (11) and 3-A-AHPC bound to the RARy LBD. Time
dependence of the distance between the helix H12 Leu-416 side-chain CD2 carbon and the 1-Ad carbons of AHPC (solid line) and
3-A-AH-PC (dashed line). In contrast to the small fluctuations caused by close contacts between the AHPC 1-Ad and the Leu-316
CD2 carbons, large structural fluctuations resulted from the contacts between the 3-A-AHPC 1-Ad and Leu-316 CD2 carbon
atoms.
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Compared to nonlabeled 9-cis-RA (5), 3-Cl-AHPC (both A RARa RARP RARy RXRa
at 1.0 x 10-6 M) only marginally displaced [1H119-cis-
RA bound to RARc, RARP, and RXRa. (31%, 17%, and Vhcle + + + +
16% displacement, respectively; Figure 4A), but quite 3-CI-AHPC + + + +

effectively displaced K3H]9-cis-RA bound to RARy (83% 25

displacement; Figure 4A). These results suggested that
3-CI-AHPC efficiently and selectively competed with 20

P[H]9-cis-RA for binding to RARy. X 15.

The binding of a coactivator protein to its site on the E

surface of a nuclear receptor permits the recruitment
of the multiprotein complex that initiates gene tran- C 10

scription. X-ray crystallographic studies demonstrated
that on binding a ligand capable of inducing transcrip- 5

tional activation, the RARy LBD underwent an ap-
preciable conformational change so that its helix H12 0
moved from an extended conformation to one that
formed the coactivator binding site with helices H3 and B DMSO 3-Cl-AHPC 9-cl-RA

H4 on the LBD surface. 65 Thus, an RAR' agonist
induced a change in the apo-RARy LBD conformation
to one that was more compact and protease-resistant, 10-

which was detectable by using the differential protease 76.

sensitivity assay (DPSA) coupled with mass spectral - •4 hRARy

identification of the peptide fragments resulting from 36- - PF30/3
limited proteolysis. 70 The ability of 3-Cl-AHPC (9) to 29-

induce a conformational change in the [35S]methionine-
labeled RARy ([3 6S]RARy) LBD that was indicative of 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

agonist activity was evaluated by DPSA to determine
if the peptide fragments produced would be the same C GST-NCoR GST-p3OO

2110.2"53 1-450

as those from the LBD bound by the agonist 9-cis-RA
(5). Incubation of the LBD with 9-cis-RA (1.0 x 10-6 DMSO + +

M) followed by partial tryptic digestion produced two 3-CI-AHPC + +

protease-resistant fragments, PF30 and PF31 (compare 116-
Figure 4B lanes 2-6 showing the proteolysis profile of so- .

the apo-RARy LBD with lanes 12-16 showing that of 53-0 • " -- hRARy

the holo-LBD-9-cis-RA complex). PF30 and PF31 cor-
responded to the RARy LBD Glu' 73-Lys 45' and Glu170 _- 3

Lys451 sequences, respectively.70 3-C1-AHPC (5.0 x 10-6 1 2 3 4 5 6 7

M) also induced the formation of PF30 and PF31 Figure 4. 3-Cl-AHPC (9) lacks RARy agonist activity in vitro.

e7-11 showing A. Competition radioligand-binding experiments. Recombi-
(compare Figure 4B lanes 2-6 with lanes 7nant, bacterially expressed RAR subtype and RXRa LBDs
the proteolytic profile of the holo-LBD-3-Cl-AHPC (approximately 1.0 x 10-' M) were incubated with 1.0 x 10-9
complex). Interestingly, the fragments induced by 3-Cl- M [l1,12-SH 219'ais-RA (43 Ci/mmol) with or without 1.0 x 10-9
AHPC binding appeared to be somewhat less stable M nonlabeled 9-cis-RA (5) or 3-Cl-AHPC as indicated. Bound

to proteolytic digestion than the fragments induced by and free radioligand were separated by gel filtration using

the binding of 9-cis-RA (compare lanes 10 and 11 with Sephadex G-50. B. 3-Cl-AHPC-bound [-"S]RARy LBD is less
lanes 15 and 16). Nonetheless, the 3-Cl-A]HPC-bound susceptible to protolytic degradation than the apo-LBD. DPSAs

were conducted using P[S]RARy LBD preincubated with either
[35S]RARY LBD .was clearly more resistant to tryptic vehicle (DMSO, 0.1% v/v), 9-cis-RA CL.0 x 10-6 M), or 3-Cl-
digestion than the apo-[S3 S]RARy. Thus, the results of AHPC (5.0 x 10-6 M) as indicated. The receptor was then
the DPSA studies suggested that binding by 3-Cl-AHPC digested with increasing concentrations of trypsin-TPCK (10,

and 9-cis-RA induced grossly similar conformational 100, 250, 500, and 1000 #g/mL) for 15 miin at 22 *C. Trypsin

changes within the LDB of RARy. was inactivated, and the digest was subjected to electrophore-
sis on a denaturing gel and autoradiography. C. 3-Cl-AHPC-

The RARy comformational change that occurred on induced conformational change is not sufficient to induce either

binding by a retinoid agonist was found to lead to the the dissociation of corepressor from or the recruitment of
dissociation of an apo-receptor-associated corepressor coactivator to the [asS]RARy LBD. GST-pulldown experiments

protein such as NCoR, followed by the recruitment of a were conducted using [P5S]RARy LBD and either GST-NCoR

transcriptional coactivator protein such as p300. 70 There- 2110-2453 or GST-p300 1-450 as indicated in the presence
f of Me2SO (0.1% v/v), TTAB (21) (1.0 x 10-6 M), or 3-C1-AHPC

fore, corepressor dissociation and coactivator recruit- (5.0 x 10-6 M) a.s indicated.'[s§S]RARy bound to GST-fusion
ment studies were conducted to determine whether proteins was visualized by gel electrophoresis and auto-

binding by 3-Cl-AHPC (9) promoted and/or stabilized a radiography. The radioligand binding data shown in A repre-
RARy conformation that disfavored corepres§or binding sents the mean ± SEM of three independent experiments. The

but favored coactivator binding in a manner similar to autoradiographs shown in B and C are representative of three

that of the classical RAR transcriptional agonists such and four independent experiments, respectively.

as TTAB (21).71 Both corepressor (NCoR 2110-2453) purified, and usedas affinity matrixes for the binding

and coactivator (p 3 0 0 1-450) proteins were expressed of the [3 SISRARY LBD in standard GST-pulldown ex-

as glutathione S-transferase (GST) fusions in bacteria, periments, as we previously described. 70 TTAB strongly
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3-A-AHPC - 6 cone (tiM)

RXRa Figure 6. 3-A-AHPC (10) does not block 3-Cl-AHPC (9)-

120 mediated inhibition of MDA-MB-468 breast cancer cell pro-
liferation. Cells (1.0 x 106) were incubated-for 24 h before the

100 indicated concentrations of 3-A-AHPC were added. After 2 h,
0.5 x 10-6 M 3-Cl-AHPC was added, and incubation was

o continued for 72 h. Cells were then harvested, and proliferation
in the presence of 3-A-AHPC and 3-Cl-AHPC was assessed
using a colorimetric assay (see Experimental Section) and

0 o"expressed relative to that of the 3-Cl-AHPC alone-treated
S40control.
<40

<20 activate RARy and RXRci (Figure 5 panels A and B,
20) respectively).
0 As cancers progress to more aggressive phenotypes,

9-1-ARPNA (.Iog(7) the regulatory controls that hormones and retinoids
3-A-AHPC 7 6 exert on their proliferation can be lost. For example,

Figure 5. Transcriptional activation of RARy by 5-Cl-AHPN unlike the MCF-7 breast cancer cell line, the growth of
(2) and 3-A-AHPC (10) compared to trans-RA (4) and that of
RXRoL compared to 9-cis-RA (5) on the (TREpal)2-tk-CAT MDA-MB-231 and MDA-MB-468 breast cancer cell lines

reporter in transfected CV-1 cells. Cells were treated with 1.0 is neither regulated by estrogen 72 nor inhibited by

x 10-7 M or 1.0 x 10-6 M 5-Cl-AHPC, 3-A-AHPC or trans- standard retinoids. 2'3 4 Thus, the latter two cancer cell

RA; or 1.0 x 10-8 M or 1.0 x 10-7 M 9-cis-RA. Reporter gene lines represent more aggressive tumors and have been

activity was normalized to that bf cotransfected /3-galactosidase used to evaluate compounds for apoptotic activity that
gene activity and expressed relative to that of 1.0 x 10-6 M would not be mediated by retinoid-signaling pathways.
trans-RA on RARy or 1.0 x 10-M 9-cis-RA on RXRo. as 100% In addition, both cell lines lack functional p53,2,72 a
as described in Methods. See Experimental Section for meth- In addition b otein lack fnctina phe a

odology. tumor suppressor protein involved in regulating the Gj-
checkpoint of the cell cycle. p53 has been found to induce

induced both the dissociation of GST-NCoR from cell-cycle arrest in part through its induction of the
[3 5S]RARy (compare lanes 1 and 2 in Figure 4C) and expression of cell-cycle inhibitor p21wAFlICIP1, thereby

the binding of GST-p300 to [35S]RAR$ (compare lanes permitting a cell to undergo repair in response to a

5 and 6). In sharp contrast, 3-C1-AHPC neither induced stress event or to commit apoptosis. The induction of

the dissociation of GST-NCoR from the [35S]RARy LBD p2 1wAF1/c'I that is independent of p53 status73 is

(compare lanes 1 and 3) nor the binding of GST-p300 therapeutically advantageous because in approximately

to [3 5S]RARy (compare lanes 5 and 7). These findings 50% of tumor samples, including those from breast

indicate that, although 3-Cl-AHPC bound to RAR$ and cancer patients, p53 is absent or present as a nonfunc-

enhanced its proteolytic stability, the type of RARy LBD tional mutant.
7 2' 74' 75 In the MDA-MB-231 and MDA-

conformational change caused by 3-Cl-AHPC was not MB-468 breast cancer cell lines, AHPN (1)2 and 3-Cl-

sufficient to induce either NCoR dissociation or p300 AHPC (9) were found to induce cell-cycle arrest in Go/

recruitment. In this respect, the behavioral profile of G1 through their posttranscriptional stabilization of

3-Cl-AHPC resembled that observed for 2-(5',6',7',8'- p2lwAFIICIP message and protein,3 followed by apopto-

tetrahydro.5',5',8',8'-tetramethyl-2'-naphthalenyl)-
2 -(6 '- sis. 2'3

carboxy-2"-naphthalenyl)-1,3-dithiolane (22), which we In both breast cancer cell lines, the antagonist 3-A-

previously characterized as an RARy-selective retinoid AHPC (10) alone had no effects on cell-cycle arrest and

that effectively antagonized the transactivation of RARy apoptosis induction, whereas both processes were readily

by such agonists as trans-RA (4).70 Subsequently, we induced by AHPN (1) and its apoptotic analogues such

found that the lack of RAR transcriptional agonist as 5-Cl-AHPN (2) and 3-Cl-AHPC (9). Even at a

activity in 3-Cl-AHPC was supported by the results of concentration as high as 4.0 x 10-6 M, 3-A-AHPC after

reporter assays in CV-1 cells transfected with the 48 or 72 h had only a minimal effect on the MDA-MB-

(TREpal)2-tk-CAT construct and a vector for RARi, oL, 468 cell cycle as determined by counting cell numbers

or y or RXRci. 3-Cl-APHC at 1.0 x 10-7 M and 1.0 x (data not shown). Moreover, 3-A-AHPC at an 8-fold
10-6 M was transcriptionally inactive (data not shown). higher concentration was not able to block the ability

Similarly, both 5-Cl-AHPN (2) and 3-A-AHPC (10) at of 0.5 x 10-6 M 3-Cl-AHPC to inhibit MDA-MB-468 cell

the same concentrations were unable to effectively proliferation (Figure 6), as evidenced by its inability to
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p21w'l -.-c l cancer cells (Figure 8C). Even after 72 h, 3-A-AHPC

alone had no apoptotic activity in HL-60R cells and had

"only about 6% of the apoptotic activity of AHPN against

-aI~ n -- • l MDA-MB-231 cells, a level which we have found was

3-Cl-AHPC (0.5 x t04 M) - - + + within background limits in these cells. These results

3-A-AHPC (2.0 x 1 M) - + - + substantiate our earlier findings that AHPN and its

igure 7. 3-A.AHPC (10) does not block the induction of analogues function through two signaling pathways in

21wFI/cI1' by 3-C1-AHPC (9) in MDA-MB-468 breast cancer cancer cells-cell-cycle arrest and apoptosis,2,1°°73,76' 77 of

0llM. Cells-AHPC or 2.0 x 10-6 M 3-A-AHPC for 72 h, then which only apoptosis is inhibited by the antagonist 3-A-

arvested. Western blots using anti-p21WAF1cI antibody were AHPC.

erformed3 (see experimental methods). fP-Actin was used as We also evaluated the effects of 5-Cl-AHPN (2), 3-Cl-

tie loading control. AHPC (9), and 3-A-AHPC (10) on H460 lung cancer and

Lalt cell-cycle arrest. Next, we examined the effect of LNCaP prostate cancer cell lines, both of which are

;-A-AHPC on the abilities of AHPN and 3-C1-AIPC to retinoid-sensitive and express wild-type p53 (Figure 9).

nduce the expression of p2 1wAFIIcP' protein in MDA- 5-Cl-AHPN at 1.0 x 10-6 M induced their apoptosis at

vIB-468 cells (Figure 7). Alone, 3-A-AHPC had no 36 h, which was partially suppressed (34% to 9%, and

letectable effect on p21wAFICIP' protein levels and did 31% to 15%, respectively) by an equal concentration of

iot block the induction of p 2 1WAFICI1 by 3-Cl-AHPC antagonist 3-A-AHPC, as is indicated by staining for

Figure 7). However, 3-A-AHPC markedly inhibited nuclear fragmentation (Figure 9A). A 5-fold excess of

IDA-MB-468 cell apoptosis induced by 3-Cl-AHPC or 3-A-AHPC was able to decrease 1.0 x 10-6 M 3-Cl-

kHPN (Figure 8A). Antagonist 3-A-AHPC also inhibited AHPC-induced apoptosis in H460 cells from 77% to 5%

ipoptosis induced by AHPN in retinoid-resistant HL- (Figure 9B). AHPN (1), 5-Cl-AHPN, and 3-Cl-AHPC at

30R leukemia cells (Figure 8B) and MDA-MB-231 breast 1.0 X 10-6 M were comparably effective at inducing

AMDA-MB-468 BHL-60R C MDA-MB-231
15 25

30 -048 h 124 hso- r48 h 12 20 4h

*72 h 
204 0 h

S6 10
0 0

o. 0. 3 .

0 0 1 0

3, 5

Figure 8. 3-A-AHPC (10) blocks 3-C1-AHFC (9) and AHPN (1)-induced apoptosis in (A) MDA-MB-468 breast cancer, (B) HL-60R

leukmia an (C MD-M-231 breast cancer cell lines. Cells were grown in the presence gr 1 bsence of 0.5 x 10-6 M 3-Cl-AHPC
leukema, an (C) MA MB .. ......... • n-e• •.A•wpC. lls w re treted at 24, 48,o hadardn

or 0.5 x 10-6 M AHPN alone, with or without added 2..0 x.10...M.-..... Celwre s8,o72hadcidn

orange-stained.3 Apoptotic cell numbers were determined (see methods).
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Figure 9. 3-A-AHPC (10) inhibits cancer cell apoptosis induced by AHPN analogues. A. H460 lung cancer and LNCaP prostate

cancer cells were treated for 36 h with 1.0 x 10-6 5-CI-AHPN (2) or 1.0 x 10-6 M 3-A-AHPC alone or combined, then DAPI-

stained (see methods) for visualization of nuclear morphology by fluorescence microscopy. Apoptosis levels were determined in

200-cell samples in three different fields. B. H460 cells were treated with.3-C1-AHPC (9) (1.0 x 10-6 M) alone or combined with

3-A-AHPC (1.0 x 10-6M, 2.5 x 10-6 M, or 5.0 x 10-6 M) or 3-A-AHPC (5.0 x 10-6) alone or vehicle alone for 36 h, then DAPI-

stained (see methods) and examined as in A to determine apoptosis.
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- compete with AHPN (1) for binding, arid 9-cis-RA (5)
did not effectively displace bound [5,5'-SH 2]AHPN. 4 We

next examioed whether 3-A-AHPC (10) could inhibit the
binding of [5,5'- 3H 2]AHPN to HL-60R nuclear extracts.
As shown in Figure 11, 3-A-AHPC had efficacy similar

rRNA _ 
to that shown by AHPN in displacing the tritiated label.

Similar results were observed using 3-C1-AHPC (9)
(data not shown). Thus, 3-A-AHPC is capable of inter-

5CIAHPN (1.0 X 10" M) +- - acting with the same protein as apoptotic AHPN and
3-A-AHPC (1.0 x 10

4 M) - + - -

3-A-AHPC (5.0 x 10- M) - - + - + - 3-Cl-AHPC.

Figure 10. 3-A-AHPC (10) inhibits TR3 mRNA expression
induced by 5-Cl-AHPN (2) in H460 lung cancer cells. Cells Discussion

were treated for 4 h with 5-Cl-AHP.N (1.0 x 10-6 M) or 3-A- While the configurations derived from dynamics in
AHPC (1.0 x 10-6 or 5.0 x 10-6 M) alone or combined. Total
mRNAs were prepared and analyzed for TR3 expression by model simulations of AHPN (1) and 5-Cl-AHPN (2)

Northern blotting (see methods). Ethidium bromide-stained docked in the RARV LBP 65 could not be characterized

ribosomal RNA was used as the loading control. as "holo" (bound) or "apo" (nonbound) in character, they

did suggest to us that dramatic differences in local
120- dynamics affected the recognition of a coactivator or

•00 o corepressor protein by the receptor-ligand complex. Our

80. computational results also suggested that small changes
C in the nature of substituents ortho to the diaryl bond

0060. •in AHPN and its analogues impacted the positions of

"40 their 1-Ad groups relative to their polar termini (Figure

20 2A). Thus, in contrast to hydrogen and methyl groups,0- h 2chloro groups significantly affected the inter-aromatic
o ~ ,ring torsional potential surfaces so that they, in turn,

o,,0 •÷ •altered the positions and dynamics of the 3'-(1-Ad)

groups. In contrast, the carboxylate groups in these

compounds remained anchored to the RARy LBD helix
Figure 11. 3-A-AHPC (10) inhibits [5,5'-SH 2]AHPN binding H5 arginine-278.
to the AHPN receptor. Nuclear extracts were prepared from
HL-60R cells as we described.4 [H 2]AHPN (1.0 x 10-s M, DFT energy-minimized configurations of AHPN (1),

150 000 dpm) was added to the nuclear extracts in the 5-Cl-AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and

presence or absence of nonlabeled AHPN (1) or 3-A-AHPC (2.0 AHPC (11) are shown in Figure 2A. Our docking studies

x 10-5 M) or vehicle alone. Binding was assessed as described suggested that (i) 5-Cl-AHPN as initially docked was
in the methods. tightly packed into the LBP with close contacts to RARV

helix H12 residues; (ii) a chloro group ortho to the diaryl

apoptosis in retinoid-resistant, p53-deficient H292 hu- bond in an AHPN analogue produced a larger twist

man lung cancer cells afier a 40-h treatment (data not angle between the aryl rings than did an ortho hydrogen

shown). Thus, the apoptotic activity found for these or methyl group; and (iii) the larger angle caused the

compounds in retinoid-refractory, p53-nonfunctional 3'-(1-Ad) group to more frequently occupy positions that

breast cancer cells extended to similarly deficient lung resulted in unfavorable interactions with the RARy LBD

cancer cells, in addition to retinoid-sensitive breast, helix H12. These in silico results suggested that both

lung, and prostate cancer cells. the position of the 3'-(1-Ad) group and the effective

Earlier, we established'0 a novel pathway by which compound width were significantly affected by the

prostate and lung cancer cells underwent apoptosis identity of the substituent ortho to the diaryl bond on

induced by AHPN (1) and its apoptotic analogues, an AHPN or AHPC scaffold, which, in turn, influenced

namely induction of the expression of the nuclear the dynamics of regions in the RAR LBD that were

transcription factor TR3 followed by its translocation responsible for transcriptional response recognition.

from the nucleus to the mitochondrial membrane. The Our experimental results supported the molecular

association between TR3 and mitochondria was followed dynamics results. Earlier, we observed that transcrip-

by mitochondrial outer membrane permeabilization and tional agonist binding to the RARy LBD produced a

the release of mitochondrial cytochrome c into the more compact tertiary structure that was more resistant

cytosol,' 5 T78 leading to caspase activation and apopto- to limited proteolytic digestion than that of the apo-

sis.79 As indicated in Figure 10, antagonist 3-A-AHPC receptor,5 whereas binding by an antagonist produced

(10) alone had no effect on the expression of TR3 mRNA a more open configuration that was more sensitive to

in H460 cells but was able to inhibit the induction of proteolysis. The chloro group ortho to the AHPN diaryl

TR3 expression by 5-Cl-AHPN (2). bond reduced the ability of the AHPN analogue 3-Cl-

By using binding assays and Scatchard analysis, we AHPC (9) to interact with the RARy LBD in terms of

previously demonstrated that [5,5'-SH 2]AHPN, which we both its binding affinity to RARy and the proteolytic

had synthesized, 4 bound to a novel protein(s) contained stability of the resulting complex (Figure 4) compared

in both HL-60R and MDA-MB-231 cell nuclear extracts.4  to that formed by a standard retinoid agonist such as

Our results strongly suggested that this protein was not 9-cis-RA (5). Although the same peptide fragments were

an RAR or RXR subtype because the RAR/RXR panago- produced from both complexes, those from the 3-Cl-

nist [10,11- 3H2]9-cis-RA was not able to effectively AHPC-containing complex were found to be less stable.
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This result suggested that the peptides had different of TR3,i°,i6,77,98 which has an essential role in the

tertiary structures despite their originating from the apoptosis-signaling pathway induced by AHPN ana-

cleavage of the same lysine-451 amide bond in the logues, was also inhibited by 3-A-AHPC. However, 3-A-

C-terminus of RARy (domain F). Evidently, the subtle AHPC did not suppress AHPN or 3-C1-AHPC-induced

differences in the positions of the RARy domain E helix p21wAF1cIP protein expression and cell-cycle arrest.

H12 that occurred on binding these ligands, which were These results suggest to us that the inhibition of cell

suggested by our molecular dynamics studies, did not proliferation, as measured by the blockade of cell-cycle

sufficiently impact the tertiary structure of domain F progression, and the induction of apoptosis, as measured

so as to affect the enzymatic cleavage point but appar- by cell morphological changes, that are induced by active

ently made a less dramatic impact. The affinity of 3-Cl- members of the AHPN family represent two, separate

AHPC (9) for the RARy LBD was apparently lower than events or perhaps even separate signaling pathways.

that of 9-cis-RA because a higher concentration of 3-Cl- Other evidence supporting our premise of dual path-

AHPC was required to produce the same level of ways exists in reports of cancer cell line mutants in

proteolysis obtained using 9-cis-RA. Moreover, 3-Cl- which only one of these AHPN-sensitive pathways

AHPC was not able to induce the dissociation of co- operates. 98'10 2

repressor NCoR from the RARy LBD or the recruitment The identification of an antagonist of AHPN-induced

of coactivator p300. Thus, subtle differences in the ortho apoptosis, 3-A-AHPC (10), that is structurally and

substituent were able to control the degree of retinoid configurationally similar to the apoptotic analogues

agonist character of the AHPNs bound in the RAR LBP, 5-Cl-AHPN (2) and 3-Cl-AHPC (9) strongly suggests

as was also evidenced by the contrasting impacts of the that several earlier hypotheses on the mechanism by

ortho methyl and chloro groups on RARy transcriptional which AHPN initiates apoptosis may not be valid. First,

activation as reported by Dawson et al.57 and shown in because both the inducers and the inhibitor of apoptosis

Figure 4, respectively, despite their similar sizes. Short have similarly situated phenolic hydroxyl groups, the

time-scale dynamics studies (Figure 3, panels C and D) premise that AHPN-induced apoptosis occurs solely as

suggested that the configuration of helix H12 in RARy the result of nonspecific free-radical generation' 03 "°4

bound to 5-Cl-AHPN (2) was less compact and produced appears unlikely. Nonspecific mitochondrial membrane

the larger fluctuations more characteristic of those permeabilization has also been postulated as an AHPN

found in the apo-RARy LBD than that of H12 in the signaling pathway.'05",0 6 Our findings that 3-A-AHPC

RARy LBD-AHPN (1) complex. The effect of the 3-(3'- blocks both 5-Cl-AHPN-induced apoptosis and TR3

acetamidopropoxy) group of 3-A-AHPC on the inter-ring expression are strong evidence that the apoptosis-

torsion angle was even more pronounced (Figure 2, initiating event probably occurs upstream of any direct

panels A and B), as was its impact on the local effects on the mitochondrial membrane. With 3-A-AHPC

fluctuations of residues near and on helix H12 (Figure available, we now have an excellent opportunity to

3, panels E and F). Thus, these computational results dissect these separate AHPN-signaling pathways: (i)

provide a distinct structure-activity linkage for our the 3-A-AHPC-independent suppression of cell prolif-

substituted AHPN/AHPC analogues that may be har- eration by the induction of cell-cycle arrest; and (ii) the

nessed to hamper the formation of the binding site for induction of TR3-mediated apoptosis, which is blocked

RAR transcriptional coactivators and minimize RAR- by 3-A-AHPC.

related toxic adverse effects while retaining apoptotic
activity. Experimental Section

In addition to their apoptotic activity in breast Chemistry. General. Starting materials were obtained

cancer, 2,s,80-82 lung cancer,6'
77 ,83 8- 6 and leukemia cell from commercial sO~rces. Unless otherwise mentioned, during

4s,~
5 ,3

9 ,4
0 ,

8 7 -
8 9 ApN (1) and its analogues in- workup procedures organic layers were washed with water and

ines,, , sat. brine, dried (anhydrous Na2SO 4), filtered, and concen-
hibited the growth and/or induced the apoptosis of other trated at reduced pressure. Standard column chromatography
cancer cell lines, including those derived from cervical,9° employed silica gel (Merck 60) as did flash chromatography

esophageal, 9 ' lymphoma,92 melanoma, 93,94 neuroblas- (Merck, grade 9385, 230-400 mesh). Experimental procedures

toma,95 ovarian,9,96-98 and prostate cancers.10' 99- 101  were not optimized and were typically conducted only twice.

AHPN-induced apoptosis in breast cancer cells was Melting point temperatures were determined in capillary tubes

preceded by the expression of the cyclin kinase inhibitor using a Mel-Temp II apparatus and are uncorrected. Fourier
transform IR spectra were obtained on powdered samples,

p2 1wAFIJcIPi and Go/Gi cell-cycle arrest and was inde- unless otherwise specified, dsing an FT-IR Mason satellite

pendent of the functional status of p53, 2,3 which has infrared spectrophotometer. 1H NMR spectra were recorded

been found to be mutated or lost in approximately half on a 300-MHz Varian Unity Inova spectrometer unless oth-

of all tumors. 74,75 Thus, AHPN represents an important erwise indicated, whereas 400 MHz spectra were recorded on

progenitor for identifring more effective agents that a Bruker instrument. Shift values are expressed in ppm (3)

induce cancer cell apoptosis. This therapeutic strategy relative to Me4Si as the internal standard. Unless otherwise
mentioned, spectra were run on compounds dissolved in

is supported by a recent finding by the Lotan group that 2HCCIs. MALDI-FaB mass spectr~a were obtained by using
lung cancer cells were far more sensitive to AHPN than an Applied Biosystems Voyager De-Pro MALDI-TOF instru-

the normal cells from which they originated 86 and our ment at the Institute, and MALDI-FTMS high-resolution

own promising in vivo findings using 3-CI-AHPC (9) in mass spectra on an IonSpec Ultima instrument at The Scripps

a murine acute myelogenous leukemia model.3' 40  Research Institute (La Jolla, CA).
Ethyl 4-Bromo-3-hydroxybenzoate (25). According to a

We found that 3-A-AHPC (10) inhibited the induction repoyrted procedure,10 7 MeSOsH (2.0 mL) was added to 23 (5.0
of apoptosis by Aj1-N (1) and 3-CI-AHPC (9) and the g, 0.036 mol) in EtOH (10 mL) and benzene (100 mL). The
binding of both to the putative AHPN receptor in HL- reaction mixture was heated at reflux (10 h, Dean-Stark trap),

60R and MDA-MB-231 nuclear extracts. The expression cooled, washed (water, 5% NaHCOB, and sat. brine), dried, and
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concentrated to a solid, which was chromatographed (10% (1.5 mnmol) in CH2 CI2 (1.5 mL) was stirred at -78 °C under

EtOAc/hexane) to give ethyl ester 24 (5.65 g, 94%) as a white Ar for 2 h, then diluted with water (10 mL) and CH 2C12 (20

powder, mp 71-73 0C, which was used without further mL). The organic phase was washed, dried, and concentrated.

purification. Flash chromatography (10% EtOAc/hexane) gave 30 as a white

A reported procedure for 4-bromo-3-hydroxybenzoic acid'08 powder (180 zng, 92%), mp 135-137 C. TLC (9% EtOAc/

was modified to substantially improve the yield of 25. To a hexanes) Rf 0.25. FT-IR (CHCls) 3328, 1678 cm-1. 1H NMR 6

stirred solution of 24 (332 mg,.2.0 mrnol) in glacial HOAc (2.0 1.34 (t, J = 6.9 Hz, 3H, CH3), 4.27 (q, J = 7.2 Hz, 2H, OCH 2),

mL) was slowly added Br 2 (32&rmdi, 2 mrtol) i HOAc (1.0 mL) 5.62 (s, 1H, OH), 6.42 (d, J = 15.9 Hz, 1H, ArCH-C), 6.98 (d,

with stirring at room temperature. After stirring for 6 h, J = 8.4 Hz, 1H, 6-ArH), 7.18 (s, 1H, 2-ArH), 7.48 (d, J = 8.1

additional Br2 (90 mg, 0.56 mrtol) in HOAc (0.3 mL) was Hz, 1H, 5-ArH), 7.58 ppm (d, J = 15.9 Hz, 1H, C-CHCO2).

added, and stirring was continued (14 h). Ether (50 mL) was MALDI-FTMS (HRMS) calcd CiiHuBrO3 [MH+] 270.9970,

added, and the organic layer was washed (water, 5% NaHCOs, found 270.9971.

and sat. brine), dried, and concentrated to an oil. Chromatog- Ethyl (E).4.Bromo-3-(3'-tert-butoxycarboxamidopro-

raphy (8% EtOAc/8% CH 2CI2/hexane) gave 25 as a white poxy)cinnamate (31). A suspension of 30 (320 mg, 1.18

powder (260 mg, 53%), mp 90-492 *C. TLC (17% EtOAc/ mreol) and K2COs (500 mg, 3.62 mmol) in acetone (50 mL)

hexanes) Rf 0.47. FT-IR (CHCls) 3388, 1695, cm-l. IH NMR 6 containing 3-(tert-butoxycarboxamido)propyl bromide (33) (480

1.39 (t, J = 7.2 Hz, 3H, CHs), 4.37 (q, J = 7.2 Hz, 2H, OCH 2), mg, 1.98 mmol) was heated at reflux under Ar for 20 h, then

5.75 (s, 1H, OH), 7.48 (d, J = 8.1 Hz, 1H, 6-ArH), 7.55 (d, J = concentrated. The residue was extracted with CH 2C12, and the

8.1 Hz, 1H, 5-ArH), 7.6ý ppm (s, 1H, 2-ArH). extract was washed (water, 1 N HCI, and brine) and dried.

Ethyl 4.Bromo-3-benzyloxybenzoate (26). To a suspen- Concentration and chromatography (10% EtOAc/hexane) of the

sion of 25 (4.5 g, 18.4 mreol) and K2COs (4.1 g, 30 mmol) in residue afforded 410 mg (81%) of 31 as a white powder, mp

acetone (150 mL) under Ar was added benzyl bromide (3.4 g, 65-67 *C. TLC (17% EtOAc/hexane) Rf 0.30. FT-IR 3425, 2980,

20 mmol). The mixture was heated at reflux for 15 h, 1706 cm- 1. 'H NMR 6 1.34 (t, J = 7.2 Hz, 3H, CHA), 1.44 (s,

concentrated, then diluted with CH 2CI2 (100 mL), washed 9H, OC(CH3)s), 2.07 (t, J = 6.0 Hz, 2H, 2'-CH2), 3.40 (q, J =

(water, 1 N HC1, and brine), and dried. .oientration and 5.7 Hz, 2H, 3'-CH2N), 4.13 (t, J = 5.7 Hz, 2H, I'-CH2O), 4.26

chromatography (5% EtOAc/hexane) afforded 5.2 g (84%) of (q, J = 7.2 Hz, 2H, OCH2), 5.22 (s, 1H, NH), 6.47 (d, J = 15.9

26 as a white powder, mp 50-52 *C. TLC (20% CH2CI2ahexane) Hz, 1H, ArCHC), 7.00 (s, 1H, 2-ArH), 7.01 (d, J = 6.3 Hz,

R[ 0.35. FT-IR (CHC13) 1722 cm-'. IH NMR 6 1.39 (t, J = 7.2 1H, 6-ArH), 7.54 (d, J = 8.7 Hz, 1H, 5-ArH), 7.60 ppm (d, J =

Hz, 3H, CHs), 4.37 (q, J = 7.2 Hz, 2H, OCH2), 5.21 (s, 2H, 15.9 Hz, 1H, C-CHCO2). MALDI-FTMS (HRMS) calcd

OCHzPh), 7.39 (m, 3H, ArH), 7.50 (m, 3H, ArH), 7.63 ppm (m, Ci 9H26BrNNaO5 [MNa+] 450.0886, found 450.0889.

2H, ArH). MALDI-FTMS (HRMS) calcd C,6H,5BrNaOa WMNa+] 3.Bromo.l-(tert.butoxycarbonyl)propylamine (33). A

357.0097, found 357.0093. reported procedure was applied'09 to 3-bromopropylamine

4-Bromo-3-benzyloxybenzyl Alcohol (27). To 26 (3.35 g, hydrobromide (32) (4.4 g, 20 mmol), Et3N (3.0 mL, 20 mmol),

10 mmol) dissolved in CH 2C12 (25 mL) and cooled under Ar in and di-(tert-butyl)dicarbonate (5.5 g, 25 mmol) in CH 2C12 (20

a dry ice-acetone bath was slowly added 20 mL of 1.0 M ml) to give after workup and chromatography (5% EtOAc/

PIBAL (2G minnl) in hexanes with stirring. After 2 h, the hexane) 3.95 g (83%) of 33 as a colorless liquid. TLC (17%

stirred reaction mixture was diluted with 1 N HC1 (20 mL) EtOAc/hexane) Rf 0.61. FT-IR (film) 3399, 1678 cm-'. 1H NMR

and CH 2C12 (50 mL), and stirring was continued for 0.5 h. The . 6 1.45 (s, 9H, OC(CHs)3), 2.05 (m, 2H, 2-CH 2), 3.28 (q, J = 6.3

organic layer was washed and dried. Concentration and Hz, 2H, 1-CH 2N), 3.45 (t, J = 6.3 Hz, 2H, 3-CH2Br), 4.66 ppm

chromatography (9% EtOAc/hexane) afforded 2.78 g (91%) of (s, 1H, NH).

27 as a white solid, mp 73-75 *C. TLC (9% EtOAc/hexane) Rf Ethyl (E)-4-[3'.(1.Adamantyl)-4'-benzyloxyphenyl]-
3 -

0.17. FT-IR (powder) 3383 cm-1. 'H NMR 6 4.63 (d, J = 5.7 [(3'.tert-butoxycarboxamido)propoxy]cinnamate (38). To

Hz, 2H, ArCH 20), 5.16 (s, 2H, OCH 2Ph), 6.83 (d, J = 8.1 Hz, 31 (321 mg, 0.75 mtol), 3-(1-adamantyl)-4-benzyloxyphenyl-

IH, 6-ArH), 7.00 (s, 1H, 2-ArH), 7.33-7.54 (m, 5H, ArH), 7.53 boronic acid 5 (37) (362 mg, 1.0 mmol), and Pd(PPh3 )4 (60 mg,

ppm (d, 1H, 5-ArH). MAIDI-FTMS (HRMS) calcd C14H13- 0.052 mrtol) in DME (5 mL) was added under Ar with stirring

BrNa02 [MNa+] 314.9991, found 314.9998. 2.0 M aq Na 2COs (1.0 mL). The reaction mixture was heated

Ethyl (E)-4.Bromo.3.benzyloxycinnamate (29). To a at reflux for 20 h, cooled to room temperature, then extracted

stirred solution of 27 (2.77 g, 10 mmol) in CH2C12 (30 mL) (EtOAc). The extract was washed, dried, and concentrated.

cooled in an ice bath was slowly added PCC (3.23 g, 15 remol). Flash chromatography (EtOAc/hexane) of the residue gave 38

This mixture was stirred for 5 h at room temperature before as a yellow powder (410 mag, 83%), mp 73-75 0C, which was

Et 2O (50 mL) was added. Filtration and concentration gave used without further purification in the deprotection steps to

the 3-benzyloxy-4-bromobenzaldehyde (28) as a white powder, give 10 and 14. TLC (20% EtOAc/hexane) Rf 0.30. FT-IR 3366,

which was used in the next step without further purification. 1711 cm-1. 1H NMR 6 1.35 (t, J = 6.9 Hz, 3H, CHs), 1.43 (s,

To triethyl phosphonoacetate (0.33 g, 1.5 renol) dissolved 9H, OC(CH 3)s), 1.72 (s, 6H, AdCH 2), 1.95 (m, 2H, 2'-CH2), 2.04

in anhydrous Et 2O (10 mL) then cooled in a dry ice-acetone (s, 3H, AdCH), 2.17 (s, 6H, AdCH2), 3.24 (d, J = 5.4 Hz, 2H,

bath was added 1.5 mL of 0.91 M KN(SiMes)2 (1.35 mrtol) in 3'-CH2N), 4.03 (t, J = 5.7 Hz, 2H, 1'-CH 20), 4.28 (q, J = 6.6

THF under Ar with stirring, which was continued for 0.5 h. Hz, 2H, OCH2), 4.55 (s, 1H, NH), 5.16 (s, 2H, OCH2Ph), 6.45

Next, 28 (0.24 g, 0.83 mrnol) in Et2O (10 mL) was slowly added (d, J = 15.9 Hz, 1H, ArCH-C), 7.00 (d, J = 8.7 Hz, 1H, 5'-

to the solution with cooling in the dry ice-acetone bath. After ArH), 7.11 (s, 1H, 2-ArH), 7.20 (d, J = 7.8 Hz, 1H, 6'-ArH),

stirring for 1 h more, the mixture was allowed to warm to 7.34-7.45 (m, 5H, ArH), 7.51 (s, 1H, 2'-ArH), 7.53 (d, J = 7.2

ambient temperature, stirred overnight, poured into water (50 Hz, 2H, 5,6-ArH), 7.68 ppm (d, J = 15.9 Hz, 1H, C-CHCO0).

mL) containing HOAc (1.0 mL), and extracted into Et 2O (20 MALDI-FAB calcd C42-H 2NO6 [MH+] 664.8, found 664.8.

ml). The extract was washed, dried, and concentrated. Chro- Ethyl (E)-4.[3'.(1-Adamantyl)-4'-benzyloxyphenyl]-3"

matography (5% EtOAc/hexane) of the residue afforded 0.28 (3'-acetamidopropoxy)cinnamate (40). To a mixture of 38

g (91%) of 29 as a white solid, mp 45-48 0C. TLC (9% EtOAc/ (400 mg, 0.6 mrtol) in EtOH (10 mL) was added concentrated

hexane) Rf 0.67. FT-IR (CHC13) 1711, 1640 cm-1. 'H NMR 6 HC1 (1.0 mL). This mixture was heated at reflux for 1 h, then

1.33 (t, J = 7.2 Hz, 3H, CH 3), 4.26 (q, J = 6.9 Hz, 2H, CH 2), concentrated. The residue containing the primary amine 39

5.18 (s, 2H, CH 2Ph), 6.39 (d, J = 15.9 Hz, 1H, ArCHC), 7.01 was sequentially treated with CH20I 2 (20 mL), pyridine (1.0

(d, J = 8.4 Hz, 1H, 6-ArH), 7.06 (s, 1H, 2-ArH), 7.33-7.50 (m, mL), and Ac20 (1.0 mL) and stirred overnight at room

5H, ArH), 7.57 (d, J = 8.4 Hz, 1H, 5-ArH), 7.58 ppm (d, J = temperature before being washed, dried (MgSO4), and con-

15.9 Hz, 1H, C='CHCO2). MALDI-FTMS (HRMS) calcd centrated. Flash chromatography (EtOAc/hexane) gave 40 as

Ci8HI8BrOs [MH+] 361.0434, found 361.0437. a white powder (280 mg, 77%), mp 80-82 0C. TLC (67%

Ethyl (E)-4-Bromo-3-hydroxycinnamate (30). A solution EtOAc/hexane) Rf 0.28. FT-IR 3293,1716 cm-'. 'H NMR 6 L35

of 29 (260 mg, 0.72 mrtol) in CH 2C12 (5 mL) and 1.0 M BBr3 (t, J = 7.2 Hz, 3H, CH 3), 1.45 (s, 2H, 2'-CH2), 1.72 (s, 6H,
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AdCHZ), 2.04 (s, 6H, AdCH and COCHs), 2.15 (s, 6H, AdCH2), mmol) in water (1.0 mL). The reaction mixture was stirred at

3.37 (q, J = 5.4 Hz, 2H, 3'-CH2N), 4.12 (t, J = 5.1 Hz, 2H, reflux temperature under Ar for 1 h, cooled to room temper-

1'-CH2 0O), 4.28 (q, J = 7.2 Hz, 2H, OCH2), 5.15 (s, 2H, ature, acidified (1 N HC1), and concentrated. The resultant

OCH2Ph), 5.67 (s, 1H, NH), 6.45 (d, J = 16.2 Hz, 1H, solid was diluted with water (5 mL) and Et20 (10 mL), then

ArCHfC), 7.00 (d, J = 7.8 Hz, 1H, 5'-ArH), 7.09 (s, 1H, 2'- stirred for 1 h, filtered, and dried under vacuum to give 14 as

ArH), 7.22 (d, J = 7.8 Hz, 1H, ArH), 7.26-7.42 (m, 5H, ArH), an off-white powder (236 mg, 89%), mp 238-240 *C. FT-IR

7.45 (d, 1H, J = 6.9 Hz, 1H, ArH), 7.49 (s, 1H, 2-ArH), 7.50 3381, 1686cm-1. 1H NMR (CD3OD) 6 1.87 (s, 611, AdCH2), 2.11

(d, J = 8.1 Hz, 1H, ArH), 7.69 ppm (d, J = 16.2 Hz, 1I, (s, 3H, AdCH), 2.13 (m, 2H 2'-CHD), 2.24 (s, 6H, AdCH2), 3.08

C-"CHC02). MALDI-FTMS (HRMS) calcd Cs39HNNaO5 (t, J = 7.5 Hz, 2H, 3'-CH2N), 4.20 (t, J = 6.0 Hz, 2H, 1'-CH20),

(MNa+) 630.3190, found 630.3172. 6.56 (d, J = 16.2 Hz, 1H, ArCH-C), 6.81 (d, J = 8.4 Hz, 1H,

Ethyl (E)-4-[3".(1.Adamantyl)-4'-hydroxyphenyl]-3-(
3"- 5'-ArH), 7.23 (d, J = 8.4 Hz, 111, 6'-ArH), 7.30 (d, J = 8.4 Hz,

acetamidopropoxy)cinnamate (41). A solution of 40 (303 211, ArH), 7.33 (s, 211, 2,2'-ArH), 7.73 ppm (d, J = 16.2 Hz,

mg, 0.5 mmol) and 1.0 M BBrs (1.5 mrnol) in CH1CI0 (1.5 mL) 1H, C-CHCO2). MALDI-FTMS (HRMS) calcd C•sHs4NO4

and CH2Cl2 (5 mL) was stirred at -78 °C under Ar for 2 h, (MH+) 448.2482, found 448.2488.

then diluted with water (10 mL) and CH 2CI2 (20 nIL). The Ethyl 5.Chloro.6.hydroxy.2.naphthalenecarboxylate

organic phase was washed, dried, and concentrated. Flash (46). A suspension of 44 (4.90 g, 26.0 mmol), in EtOH (25 mL)

chromatography (EtOAc/hexane) gave 41 as an off-white was treated with concentrated H2S04 (1.0 g), stirred for 5 days,

powder (226 mg, 77%), mp 110-113 *C. TLC (67% EtOAc/ then heated at reflux for 1 h to complete esterification. After

hexane) Rf 0.20. FT-IR 3408, 1706, 1637 cm- 1. IH NMR 6 1.35 removal of EtOH at reduced pressure, the ethyl ester 45 was

(t, J = 6.9 Hz, 3H, CH3), 1.44 (s, 2H, 2'-CH2), 1.77 (s, 6H, isolated by extraction (EtOAc), followed by washing (2 x 5%

AdCH2), 2.04 (s, 3H, AdCH). 2.08 (s, 3H, COCHs), 2.14 (s, 611, NaHCOs and sat. brine) and drying CMgSO 4). Concentration

AdCH2), 3.38 (q, J = 5.4 Hz, 2H, 3'-CH2N), 4.13 (t, J = 6.3 and crystallization afforded 45 (4.81 g, 85%), mp 109-110 *C.

Hz, 2H, 1'-CH2O), 4.27 (q, J = 7.2 Hz, 2H, OCH2), 5.81 (s, 11, TLC (EtOAc) Rf 0.83. 1H NMR (400 MHz) 6 1.47 (t, J = 7.0

NH), 6.30 (s, 1H, OH), 6.44 (d, J = 15.9 Hz, 111, ArCHQC), Hz, 3H, CHI), 4.47 (q, J = 7.0 Hz, 211, CH2), 6.13 (s, 1H, OH),

6.75 Cd, J = 8.1 Hz, 1H, 5'-ArH), 7.09 (s, 1H, 2'-ArH), 7.20 (d, 7.19 (dd, J = 8.8 Hz, J = 2.4 Hz, 1M, 7-NapH), 7.20 (s, 1H,

J = 7.5 Hz, 111, ArH), 7.26 (d, J = 8.1 Hz, 1H, ArH), 7.33 (d, 5-NapH), 7.70 (d, J = 8.5 Hz, 1H, 8-NapH), 7.87 (d, J = 8.3

J = 8.1 Hz, 1H, ArH), 7.40 (s, 1H, 2-ArH), 7.68 ppm (d, J = Hz, 1H, 4-NapH), 8.01 (dd, J = 8.6 Hz, J = 1.8 Hz, 1H,

15.9 Hz, 1H, C-CHCO2). MALDI-TFMS (HRMS) calcd 3-NapH), 8.54 ppm (d, J = 0.8 Hz, 1H, 1-NapH). Anal.

CnH4oNO5 (MH+) 518.2906, found 518.2892. (CCsHu2Os) C, H. MALDI-FTMS (HRMS) calcd C•-HIsO,

(E).4-[3'.(1.Adamantyl)-4'.hydroxyphenyl]-3-(
3 '-acet" (MH+) 217.0859, found 217.0861.

amidopropoxy)cinnamic Acid (10). To a suspension of 41 ox-Chlorindtion of 45 was conducted by modifying a reported

(190 mg, 0.387 remol) in MeOH (10 niL) was added NaOH (100 procedure.59 To a solution of 45 (3.62 g, 16.7 mrnol) in glacial

mag, 2.5 mrtol). The mixture was stirred at reflux temperature HOAc (32 mL) was added sulfuryl chloride (2.27 g, 16.8 rtniol).

under Ar for 1 h, cooled to room temperature, acidified (C N The mixture heated for 2.5 h at 70 °C, then stirred at room

H10), and extracted (EtOAc). The extract was washed, dried temperature for 36 h. Concentration, ice-bath cooling, and

(MgSO4), ant concentrated to afford 10 as an off-white powder filtration afforded 46 as white crystals (2.60 g, 62%), mp 139-

(170 rag, 94%), mp 195-199 0C. FT-IR (powder) 3400, 1691, 142 0C. TLC (20% EtOAc/benzene)Rf0.61.1H NMR (400 MHz)

1632 cm-1. 1H NNR (DMSO-2Hs) 6 1.73 (s, 6H, AdCH2), 1.77 6 1.45 (t, J = 5.4 Hz, 3H, CH,), 4.44 (q, J = 5.4 Hz, 2H, CHO),

(s, 3H, COCHs), 1.78 (m, 2H, 2'-CH2), 2.03 (s, 3H, AdCH), 2.10 6.16 (s, 1H, OH), 7.32 Cd, J = 8.8 Hz, 111, 7-NapH), 7.82 (d, J

(s, 6H, AdCH2), 3.17 (d, J = 5.4 Hz, 2H, 3'-CH2N), 4.06 (broad = 8.8 Hz, 1H, 8-NapH), 8.07 (d, J = 8.8 Hz, 1H, 4-NapH), 8.15

s, 211, 3'-CH20), 6.63 (d, J = 15.9 Hz, 1H, ArCH-C), 6.80 (d, (dd, J = 8.8 Hz, J = 1.6 Hz, 1H, 3-NapH), 8.54 ppm (s, 1H,

J = 8.1 Hz, 1H, 5'-ArH), 7.21 (d, J = 8.7 Hz, 1H, ArH), 7.29 1-NapH). Anal. (CisHnClOs) C, H. MALDI-FTMS (HRMS)

(s, 3H, ArH and 2'-ArH), 7.37 (s, 1H, 2-ArH), 7.61 (d, J = 15.9 calcd C1aHC120O3 (MH+) 251.0469, found 251.0473.

Hz, 1H, C=-CHC02), 7.86 (s, 1H, NH), 9.41 ppm (s, 1H, OH). Ethyl 6.[3.(1.Adamantyl)4-benzyloxyphenyl]-5-chloro-
MALDI-FTMS (HRMS) calcd C3JoHaNNaO5 [MNa+] 512.2407, 2-naphthalenecarboxylate (48). To 46 (2.05 g, 8.18 emtol)

found 512.2402. and pyridine (2.0 mL, 25 mrnol) dissolved in CH2C12 (55 mL)

Ethyl (E).4.[3'.(1.Adamantyl)-4'-hydroxyphenyl]-3-(3'- and cooled in an ice bath was added over a 5-nin period

aminopropoxy)cinnamate (43). A solution of 38 (500 mg, trifluoromethanesuifofic anhydride (1.7 mL, 10.1 renol). The

0.75 mrnol) and 1.0 M BBr, (1.5 mmol) in C11202 (1.5 mL) reaction mixture was allowed to warm to room temperhture,

and CH•00• (20 mL) was stirred at -78 0C under Ar for 2 h, stirred for 18 h, washed (2 x H20, 10% HC1, and sat. brine),

then diluted with water (10 mL) and CH2C12 (20 mL). The then dried (MgSO4). Concentration afforded ethyl 5-chloro-6-.

organic phase was washed, dried, and concentrated to give trifluoromethanesulfonyloxy-2-naphthalenecarboxylate (47) as

ethyl (E).4.[3'.(1-adamantyl)-4"-hydroxyphenyl-3-(3'-tert- white crystals (2.43 g, 78%), mp 99-100 °C. TLC (25% EtOAc/

butoxycarboxamido)pr'opoxycinnamate (42) as a pale-yellow hexane) Rf 0.80, which was used without'further purification

solid. The solid in EtOH (20 mL) containing concentrated HC1 in the following step. 'H NMR 6 1.47 (t, J = 6.9 Hz, 3H, CH,),

(1.5 mL) was heated at reflux under Ar for 2 h. The solution 4.47 Kd, J = 6.8 Hz, 2H, CH,), 7.52 (d, J = 8.9 Hz, 1H, 7-NapH),

was concentrated before dilution with MeOH (20 mL). NaHCOs 7.97 (d, J = 9.0 Hz, 1H, 8-NapH), 8.27 (d, J = 8.7 Hz, 1H,

(200 mg) was added, and this mixture was stirred for 1 h under 4-NapH), 8.37 (d, J = 8.8 Hz, 1-11, 3-NapH), 8.64 ppm (s, 1H,

Ar, then concentrated. Flash chromatography (9% MeOH/ 1-NapH).

CH2C12) gave 43 as a white solid (278 mag, 78%), mp 181-183 To a solution of arylboronic acid 37 (500 mig, 1.38 remol),

'C. TLC (9% MeOHICH2Cl2) Rf 0.62. FT-IR 3244, 1706, 1632 triflate 47 (524 mag, 1.37 mmol), Pd(PPhS)4 (165 mig, 0.143

cm-1. 'H NMR 6 1.34 (t, J = 7.2 Hz, 3H, CHs), 1.76 (s, 6H, mremol), and IACI (114 mng, 2.69 remol) in dimethoxyethane (12

AdCH2), 1.94 (m, 2H, 2'-CH2), 2.05 (s, 3H, AdCH), 2.15 (s, 6H, mL) under Ar was added 2.0 M aq Na2COs (1.4 mL). The

AdCH2), 2.85 (m, 211, 3'-CH2N), 3.74 (s, 2H, NH2), 4.09 (s, 211, reaction mixture was heated at reflux (18 h), diluted (EtOAc

3'-CH2O), 4.28 (q, J = 7.5 Hz, 2H, OCHA), 5.71 (s, 1H, OH), and sat. brine), and extracted (CAC12l). The organic extract

6.43 (d, J = 15.9 Hz, 1H, ArCH-C), 6.62 (d, J = 7.8 Hz, 1H, was dried (MgSO4 ) and concentrated. Flash chromatography

5'-ArH), 7.08 (s, 111, 2-ArH), 7.17 Cd, J = 7.2 Hz, 11H, ArH), (5% EtOAc/hexane) of the residue and concentration provided

7.20 (d, J = 8.4 Hz, 1H, ArH), 7.30 (s, 111, 2'-ArH), 7.32 (d, J 48 as white crystals (420 mg, 56%), mp 177-179 *C. TLC (10%

= 7.5 Hz, 111, ArH), 7.68 ppm (d, J = 15.9 Hz, 1H, Cffi0HCO,). EtOAc/hexane) Rf 0.37. FT-IR (KBr) 1716 cm-1. 1H NMR (400

MALDI-FTMS (HRMS) calcd CoH3sNO4 [MH+] 476.2795, MHz) 6 1.47 (t, J = 6.0 Hz, 3H, COH), 1.74 (s, 6, AdCH2), 2.05

found 476.2790. (s, 311, AdH), 2.20 (s, 6H, AdCH2), 4.46 (q, J = 7.0 Hz, 2H,

(E)-4-[3'.(1.Adamantyl)-4'-hydroxyphenyl]-3-(
3 '-amino" OCi2f), 5.20 (s, 2, C-Ph2), 7.06 d, J = 8.8 Hz, 111, 5-ArH),

propoxy)cinnamic Acid (14). To a suspension of 43 (260 mag, 7.3-7.4 (m, 2, ArH), 7.4-7.5 (m, 3, ArH), 7.5-7.6 (m, 3, ArH

0.547 mrnol) in MeOH (10 mL) was added NaOH (100 mig, 2.5 and 7-NapH), 7.90 (d, J = 8.0 Hz, 1I, 8-NapH), 8.20 (dd, J =
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8.8 Hz, J = 1.6 Hz, 1H, 3-NapH), 8.44 (d, J = 8.8 Hz, 1H. employing SHAKE. Coordinates were saved eVery 0.250 ps for

4-NapH), 8.62 ppm (d, J = 1.6 Hz, 1H, 1-NapH). MALDI- subsequent analysis. The nonbonded pair list was updated

FTMS (HRMS) calcd C6-H36 C10 2 (MH+) 550.2275, found every 10 steps. A radial screened dielectric constant (D = r)

550.2285. was employed. Production dynamics was performed for 300

Ethyl 6.[3'.(1.Adamantyl)-4'-hydroxyphenyl]-5-chloro- ps to make initial probes of the different potential effects of

2.naphthalenecarboxylate (49). To 48 (170 mag, 0.31 mmol) ligand groups on receptor conformation in the neighborhood

dissolved in CH 2C12 (30 mL) and. cooled in a dry ice-EtOH of the LBP. To permit a critical comparison of the dynamics

bath was added 1.0 M BBri ('00' rimol) in C!H2C12 (0.90 mL) of AHPC and 3-A-AHPC in the RARy LBD with reasonable

over a 2-min period. After being stirred at this temperature damping of surface fluctuations, following the identification

for 1 h, the mixture was diluted with cold H20 (10 mL) and of low-energy docking modes, the docked lowest-energy con-

allowed to warm to room temperature. The organic layer was formations of the RARy LBD-AHPC and 3-A-AHPC corn-

separated, dried (MgSO4), and concentrated to give 49 as white plexes were solvated within a large box comprised of 4014

crystals (101 mag, 71%), mp 256-260 °C. TLC (toluene) Rf 0.26. waters and having the initial dimensions of 70 A x 60 A x 60
1H NMR (300 MHz, CDCl3) 6 1.47 (t, J = 7.0 Hz, 3H, CHs), A. After an initial short 50-ps equilibration at constant volume

1.80 (s, 6H, AdCH2), 2.10 (s, 3H, AdCH), 2.18 (s, 6H, AdCH2), and a 100-ps equilibration at constant pressure, the system

4.47 (q, J = 7 Hz, 2H, CH2), 4.91 (s, 1H, OH), 5.30 (s, 2H, was subjected to 300 ps of production dynamics at 300 K.

CH 2), 6.77 (d, J = 7.3 Hz, 1H, 5'-ArH), 7.38 (s, 1H, 2'-ArH), Periodic boundary conditions were employed with a particle-

7.54 Cd, J = 8.1 Hz, 2H, 7-NapH and 6'-ArH), 7.90 (d, J = 9.6 mesh Ewald summation to provide realistic boundary forces

Hz, 1H, 8-NapH), 8.19 (d, J = 9.0 Hz, 1H, 4-NapH), 8.44 (d, J and eliminate the distorting effects of potential truncation.

= 9.0 Hz, 1H, 3-NapH), 8.62 ppm (s, 1H, 1-NapH). MALDI- Density Functional Theory (DFT) Exploration of

FTMS (HRMS) calcd C291soC10 2 (MH+) 460.1805, found Inter-ring Torsional Potential Surfaces. AHPN (1), 5-Cl-

460.1798. AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and AHPC (11)

6.[3'.(I.Adamantyl).4'.hydroxyphenyll-5-chloro-2-naph- torsional relaxed potential surfaces were computed using the

thalenecarboxylic Acid (2). A suspension of 49 (230 mg, 0.50 nonlocal B3LYP DFT functional and a 6-31G** basis set.

mmol) in 1.0 M NaOH in 75% aq EtOH (5-mWý was heated at Optimizations employed Jaguar 4.1 (Schrodinger), default self-

reflux for 40 min, cooled, acidified (10% HC1), then extracted consistent field (SCF), and geometric convergence criteria.

(EtOAc). The extract was washed (sat. brine), dried (MgS0 4), Unconstrained geometry optimization was performed at each

and concentrated to give 2 as a white powder (205 mg, 95%), of the parametrically varied torsional angles.

mp 282-284 °C (dec). TLC (5% MeOHICHClS)Rf 0.26. FT-IR Biology. Reagents. trans-RA (4) and tryspin-TPCK were

2983, 1640 cm-1. 1H NMR (300 MHz, d4-DMSO) 6 1.74 (s, 6H, purchased from Sigma, and [11,12-3H219-cis-retinoic acid (43

AdCH 2), 2.05 (s, 3H, AdCH), 2.16 (s, 6H, AdCH2), 6.91 (d, J = Ci/mmol) from Amersham. 4-(5',6',7',8'-Tetrahydro-5',5',8',8'-
8.1 Hz, 1H, 5'-ArH), 7.24 (d, J = 8.5 Hz, 1H, 6'-ArH), 7.27 (s, tetramethyl-2'-anthracenyl)benzoic acid (TTAB, 21)71 and the

1H, 2'-ArH), 7.62 (d, J = 8.4 Hz, 1H, 7-NapH), 8.16 (d, J = 2-substituted 1,3-dithiolane 2270 were synthesized as pre-

8.5 Hz, 2H, 4,8-NapH), 8.37 (d, J = 9.1 Hz, 1H, 3-NapH), 8.68 viously described, as were [5,5'-SH 2 16-[3'-(1-adamantyl)-4'-

(s, 1H, 1-NapH), 9.62 ppm (s, 1H, OH). MALDI-FTMS hydroxyphenyl]-2-naphthalenecarboxylic acid, AHPN (1), (E)-

(HRMS) calcd C27H2SC102 (MH+) 432.1492, found 432.1502. 4.[3'.(1-adamantyl)-4'-hydroxyphenyl]-3-chloroinnamic acid

Computational Studies. Generation of an RARy LBD (3-Cl-AHPC, 9), and 9-cis-RA (5).4,39,40,116,117

Model for Docking and Simulations. An all-H representa- • AHPN Analogues. Both agonists and antagonists were
tion of the RARy LBD was generated using the XLEAP module dissolved in Me 2SO prior to addition to media. The final

of AMBER6110 and the 9-cis-RA (5)-bound holo-RARy LBD concentration of Me 2SO was 0.1% for cancer and leukemia
crystal structure" (PDB entry 3LBD). The initial all-atom cells. All experiments were conducted in triplicate.
model was energy-minimized with a small numbeD of steps Radioligand Binding and DPSA. DPSA studies using

(100 steepest descents plus 1900 conjugate-gradient) to remove [sS]RARy and LBD competition radioligand-binding experi-

large initial repulsions in atomic positions as evaluated by the ments were conducted using bacterially expressed RARs (as

AMBER force-field compared to crystal structure contacts. GST-fusion proteins) and (His)-RXl as described.70

Short molecular dynamics (MD) equilibration of the model
at constant temperature was performed to provide additional GST.Pulldown Assays. Experiments were performed as

structure relaxation and establish reasonable hydrogen-bond- previously described using GST-p300 1-450 or GST-NCoR

ing patterns in the vicinity of the LBP. The model was 2110-2453 fusion proteins and [sSS]methionine-labeled hRAR>'

equilibrated at 300 K with decreasing harmonic constraints LBD prepared by in vitro translation.
70

over a 20-ps time interval using a 1-femtosecond integration Plasmids. Expression vectors for RARy, RXRo, and the

time-step followed by a 7 0-ps unconstrained equilibration. All reporter gene (TREpal)2-tk-CAT have been described. 118

bonds involving hydrogens were constrained using SHAKE. 1  Receptor Transcriptional Activation in Cotranfected

The model was then converted to a polar-H representation Cells. CV-1 cells were routinely maintained in DMEM,

using AMBER41 for energy-based docking using AUTODOCK supplemented with 10% fetal calf serum (FCS), 100 units/mL

3.0.112 of penicillin, and 100 ug/mL of streptomycin. For transfection

Energy-Based Docking. Energy-based docking of flexible assays, cells were seeded at 1.0 x 105 cells/mL in 24-well plates

AHPN (1), 5-Cl-AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and for 16-24 h before transfection. Cells were then transfected

AHPC (11) in the rigid RARy model was performed using the using the calcium chloride precipitation method1 19 with either

LGA113 approach embodied in AUTODOCK 3.0. The LGA (TREpal)2-tk-CAT (200/ug) alone or with the RARy vector (100

docking parameters were: mutation rate, 0.02; crossover rate, 14g) or RXR4X vector (20 14g). Cells were cotransfected with

0.80; maximum number of generations, 2.7 x 104; elitism, 1; P-galactosidase (3-gal) expression vector (pCH 110, Amersham

and local search frequency, 0.06. The lowest energy-binding Biosciences) and carrier DNA (pBluescript, Stratagene) to a

mode was investigated in short exploratory dynamics employ- final concentration of 1000 ug/well. Following transfection for

ing AMBER6 and an all-atom representation to examine 20 h, the medium was changed to DMEM containing 5%

differential ligand effects on RARy.114 Charge parametrization charcoal-stripped FCS, and cells were treated for 24 h with

for all ligands was derived from restrained electrostatic an AHPN analogue or retinoid. Chloramphenicol acetyl trans-

potential fits derived from DFT computations at ligand ferase (CAT) activity was normalized to P-gal activity to

optimized geometries. 115  standardize for transfection efficiency.

MD Model Equilibration. MD equilibrations of the all- Cell Lines. Retinoid-resistant MDA-MB-231 and MDA-MB-

atom model representations of AHPN (1), 5-Cl-AHPN (2), 3-A- 468 breast cancer and H292 lung cancer and retinoid-sensitive

AHPC (10), and AHPC (11) docked to the RARy LBD at H460 lung and LNCaP prostate cancer cell lines were obtained

constant temperature were performed using a 1-fs integration from the American Type Cell Collection. Retinoid-resistant

time-step with constraint of all bonds involving hydrogens HR-60R leukemia cells were a gift from Dr. Stephen Collins
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(University of Washington, Seattle, WA). Cells were cultured Appendix
as described below.

Cell Proliferation. MDA-MB-468 cells (1.0 x 106 cells) Acromyns and/or code numbers for 6-[3'-(1-adaman-

were seeded in DMEM/F12 medium (Invitrogen Life Technolo- tyl)-4'-hydroxyphenyl)]-2-naphthalenecarboxylic acid, its
gies) supplemented with 5% fetal bovine serum and 25 ug per analogues, and retinoids are listed in the legend for
mL of gentamicin in Petri dishes or 6-well plates. After 24 h, Figure 1. Other abbreviations are 1-Ad, 1-adamantyl;
3-A-AHPC (10) (2.0 x 10-6 M final concentration) and/or 3-Cl- 3
AHPC (9) (0.5 x 10-6 M) or vehicle alone were added. Cells -A, 3-(3'-acetamidopropyloxy); Bc-2, diffuse B-cell lym-

were harvested at the times indicated in the figures, and living phoma cytoprotective protein; CAT, chloramphenicol

cell numbers were assessed using a commercial colorimetric acetyl transferase; CPK, Corey-Pauling-Kortum; CV-

assay for the mitochondrial dehydrogenase cleavage of water- 1, African green monkey kidney cell line; DAPI, 4,6-
soluble 3-(4,5-dimethyltliazol-2-yl)-2,5-diphenyltetrazolium bro- diamidino-2-phenylindole; DPSA, differential protease
mide (Sigma-Aldrich) according to the manufacturer's direc- sensitivity assay; DTF, density functional theory; FCS,
tions. H460 and H292 lung cancer and LNCaP prostate cancer fetal calf serum; GST, glutathione S-transferase; LBD,
cell lines were grown in RPMI 1640 supplemented with 10%
FCS. ligand-binding domain; LGA, Larmarkian Genetic Al-

Apoptosis. At 24 h after seeding with 1.0 x 105 MDA-MB- gorithm; LBP, ligand-binding pocket; NCoR, nuclear

468 cells, agonist (0.5 x 10-6 M final concentration) or receptor corepressor protein; p21w"FcIP', 21-kDa wild-
antagonist (2.0 x 10- M) alone or the combination was added, type p53-activated fragment 1 or cyclin-dependent ki-
and incubations were continued for 48 or 72 h. Cells were then nase-2-interacting protein; p300, an acetyl transferase
harvested, and the relative number of apoptotic cells was and transcriptional coactivator of nuclear receptors;
assessed after fixing and acridine orange staining by counting
200-cell fields for the presence of nuclear fragmentation as PBS, phosphate-buffered saline, pH 7.4; RA, retinoic

previously described.$ acid; RAR, retinoic acid receptor; RXR, retinoid X

H460 cells (5 x 105) were treated with 1.0 x 10-6 M 5-Cl- receptor; TPCK-trypsin, bovine pancreas trypsin treated
AHPN (2) or 3-C1-AHPC (9) alone or combined with 1.0 x 10-,6 with N-(p-tosyl)-L-phenylanlanine chloromethyl ketone;
2.5 x 10-,6 or 5.0 x 10-6 M 3-A-AHPC (10). After 36 h, cells TREpal, palindromic RAR- and RXR-responsive ele-
were trypsinized, then washed with phosphate-buffered saline ment; tk, thymidine kinase promoter; TTN, 5,6,7,8-
(PBS, pH 7.4). After fixation with 3.7% paraformaldehyde, cells tetrahydro-5,5,8,8-tetramethyl-2-naphthalene.
were washed (PBS) and stained with 4,6-diamidino-2-phenyl-
indole (DAPI, 50 ug/mL) to visualize nuclei by fluorescent
microscopy." Cells displaying nuclear morphology character- Supporting Information Available: Elemental analyses

istic of apoptosis were scored in samples of at least 600 cells. for compounds 45 and 46. This material is available free of

Apoptosis (%) was expressed as the ratio of apoptotic cells to charge via the Internet at http://pubs.acs.org.

total cells x 100.
Western Blotting. MDA-MB-468 cells (1.0 x 105) were References

treated for 72 h with a proapoptotic AHPN (0.5 x 10-6 M final (1) Bernard, B. A.; Bernardon, J. M.; Delescluse, C.; Martin, B.;
concentration) or antagonist 3 (2.0 x 10-6 M) alone or Lenoir, M. C.; Maignan, J.; Charpentier, B.; Pilgrim, W. R.;
combined. Cells were lysed, and Western blots were performed Reichert, U.; Shroot, B. Identification of synthetic retinoids with
on the lysates using anti-p21wAVcInl' antibody (Transduction selectivity for human nuclear retinoic acid receptor gamma.
Laboratories) and f-actin as the loading control as previously Biochem. Biophys. Res. Commun. 1992, 186, 977-983.

described.4 (2) Shao, Z.-M.; Dawson, M. I.; Li, X. S.; Rishi, A. K.; Sheikh, M. S.;
RNA Preparation and Northern Blotting. Total RNA Han, Q. X.; Ordonez, J. V.; Shroot, B.; Fontana, J. A. p53

independent G-/G, arrest and apoptosis induced by a novel
samples were prepared by the guanidine hydrochloride/ultra- retinoid in human breast cancer cells. Oncogene 1995, 11, 493-
centrifugation method." 9 Total RNA (30,ug) from cancer cells 504.
treated with or without 1.0 x 10-6 M 5-Cl-AHPN (2) alone or (3) Li, X.-S.; Rishi, A. K.; Shao, Z. M.; Dawson, M. I.; Jong, L.;

combined with 1.0 x 10-6 M or 5.0 x 10-6 M 3-A-AHPC (10) Shroot, B.; Reichert, U.; Ordonez, J.; Fontana, J. A. Posttrans-

for 4 h was fractionated on 1% agarose gels. The fractionated criptional regulation of p2 1wAr/cnIP expression in human breast
carcinoma•gell. Cancer Res. 1996, 56, 5055-5062.

RNA was transferred to nylon filters and probed with s2P- (4) Fontana, J. A.; Dawson, M. I.; Leid, M.; Rishi, A. K.;'Zhang, Y.;
labeled TR3 LBD cDNA.1"s Ethidium bromide-stained riboso- Hsu, C.-A.; Lu, J. S.; Peterson, V. J.; Jong, L.; Hobbs, P.; Chao,
mal RNA was used as the loading control. W.-R.; Shroot, B.; Reichert, U. Identification of a unique binding

Ligand Binding. Nuclear extracts were prepared from HIL- protein specific for a novel retinoid inducing cellular apoptosis.

60R cells (1.0 x 106) as we previously described.4 [5,5'-3H2]- Int. J. Cancer 2000, 86, 474-479.
AHPN4 (10 x 10-9 M, 150 000 dpm) was added to the nuclear (5) Dawson, M. I; Hobbs, P. D.; Peterson, V. J.; Leid, M.; Lange, C.

W.; Feng, K. C.; Chen, G.; Gu, J.; Li, H.; Kolluri, S. K.; Zhang,
extracts in the presence and absence of 20 x 10-6 M nonlabeled X.; Zhang, Y.; Fontana, J. A. Apoptosis induction in cancer cells
AHPN (1) or 3-A-AHPC (10) or vehicle alone. After a 90-min by a novel analogue of 6-[3-(1-adamantyl)-4-hydroxyphenyli-2-
incubation at 22 °C, free ligand was separated from bound naphthalenecarboxylic acid lacking retinoid receptor transcrip-

ligand on a 0.5-cm x 4.0-cm column of fine-mesh G25 Sepha- tional activation activity. Cancer Res. 2001, 61, 4723-4730.

dex (Pharmacia) by elution with binding buffer.4 The bound (6) Mangelsdorf D. J.; Umesono, K.; Evans, R. M. The retinoid

scounted as we described.4  receptors. In The Retinoids: Biology, Chemistry, and Medicine;
fraction was Sporn, M. B., Roberts, A. B., Goodman, D. S., Eds.; Raven

Press: New York, 1994; pp 319-349.
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